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Chapter 1 
Introduction 
Gladiolus 
The Gladiolus is cultivated world-wide either as a cut flower or as garden plants. 
The genus Gladiolus, Fam. Iridaceae, consists of about 180 wi ld species, which mostly 
originated in South Africa. The first species were collected, described and imported to 
Europe about 250 years ago. It appears likely that only seven of these have been 
involved in the breeding of the modern hybrids [1]. The cultivated gladiolus (Gladiolus 
χ grandiflorus Hort.) has been domesticated less than 150 years. In 1837, the first fertile 
hybrid between the hexaploid G. natalensis and the diploid G. oppositiflorus produced 
the tetraploid G. χ gandavensis [2]. G. χ gandavensis was crossed in a succession of 
selections and hybridisations that led to the origin of G. χ grandiflorus also known as G. 
χ hybridus or G. χ hortulans. The wi ld flower form changed due to selection pressure 
from zygomorphic to actinomorphic, typical for the 'Grandiflorus' class. Besides G. χ 
grandiflorus (the large-flowering gladiolus), other species and hybrids are cultivated, 
e.g. G. byzantinus, G. χ colvilii, G. χ nanus, G. χ ramosus and G. χ tubergenii [3]. 
In Europe, gladiolus ranks fourth among cut flowers for economic importance. 
Yearly 4.5 χ 10 8 spikes of gladiolus are sold. In the United States, over 1.6 χ 10 8 spikes 
are produced annually [4]. The Netherlands is the largest producer of gladiolus corms 
and cormels while Italy is one of Europe's largest gladiolus cut flower producer. Italy 
imports over 3 χ 10 8 corms per year from The Netherlands [5]. 
Each year, between 100 and 200 new gladiolus selections are released as cultivars. 
Most selections aim to improve hardiness, spike length, leaf form, earliness in flowering, 
spike constitution, flower form, shape and number, colour diversity and floral scent. 
Disease resistance has only recently been considered as a marketable characteristic [6]. 
Techniques such as tissue culture, reported for the first time in 1970 [7], has been 
applied successfully to gladiolus. The research has been directed towards the potential 
of micropropagation to obtain in a short period the highest number of cloned 
individuals. In recent years, gladiolus tissue culture has been directed towards new 
biotechnological applications based on the regeneration of plantlets via embryogenesis 
and from cell suspensions [8-10]. Furthermore, Gladiolus has been stably transformed 
through particle gun bombardment and transgenic régénérants were obtained [11,12]. 
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Fusarium 
Fusarium corm rot of Gladiolus occurs in every country where gladiolus is grown, 
like the Netherlands, Italy, [13] Unites States [14] and India [15]. Fusarium-rol, caused 
by Fusarium oxysporum f. sp. gladioli (Mass.) Sny. and Han. [16], is the most 
destructive disease of gladiolus [17-19] and causes losses in stalk and corm production, 
leading to considerable damage also during the storage period. 
Fusarium oxysporum (Schlecht.) section Elegans is a world-wide occurring soil-borne 
plant pathogen that belongs to the class of the Deuteromycetes. This pathogen causes 
more economic losses to agricultural crops than any other pathogen. According to 
Armstrong and Armstrong [20] the species F. oxysporum has been divided, according to 
the host specialisation, into different formae. There are more than 120 formae speciales, 
inducing mostly wilt symptoms. A few formae have, additionally a race structure which 
shows a differential effect on different host cultivars. For bulbous plants belonging to the 
families of Amarillydacae, Iridacae and Liliacae the predominant symptoms are the 
rotting of their hypogeic parts, corm, bulb, rhizome or the roots. Early infections 
normally compromise flower formation, while late infections affect corm or bulb 
production only, enabling to collect some flower spikes. 
The forma specialis gladioli infects gladiolus and most iridaceous species like Fresia, 
Iris, Ixia and Crocus [21]. Because the fungus can exist as a latent infection in the corm 
[22], the disease is easily spread around the world by imported lots [23,24], even 
though sanitary measurements and controls are applied. Due to latent infections 
apparently healthy corms may become infected in successive growing seasons even if 
planted in non-infected soil. Methods for the control of cormel-borne Fusarium 
infections by hot water treatment have been developed [25]. 
Fungal penetration is limited to areas of discontinuity of the corm parenchyma like 
at the basal crown, wounds or at the nodes [26]. Frequently, the plants appear healthy 
while the corm has dark brown spots where tissue is decayed. Leaf yellowing is 
commonly associated with corm infections. Plant size is reduced, while the leaves 
curve away from the infection side. The deformed plants are unable to produce flowers, 
and if flower stalks emerge they present undesirable disfigurements [27]. 
Control of Fusarium disease in Gladiolus 
Protection measures meant to limit the spread and damage caused by Fusaria rely 
principally on the rejection of any Fusar/um-infected stock material and growing the 
crops in non-infected soils. Crop rotation is recommended to avoid the occurrence of 
epidemics. However, the fungus is able to survive for many years as resting 
chlamydospores [28]. Chemical control of the disease is possible by dipping the bulbs 
or corms in solutions of fungicides like prochloraz, captan, benomyl or other 
benzemidazol dérivâtes, or by soil disinfection with methyl-bromide. However, most 
chemicals are progressively restricted in most European countries due to environmental 
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concern. Beside the environmental issues, the fungus may become resistant to the 
applied chemicals over long-term application [29]. To limit the spread of infections, 
methods for uncovering latent infections have been developed. 
In 1989, anticipating new rules by the Dutch government to limit the application of 
chemicals in agriculture, the 'Urgency Programme for Research on Disease and 
Breeding of Flower Bulbs' has been started. This programme is aimed at the 
development of new strategies for an environmentally friendly and sustainable 
agriculture. One approach is breeding new resistant selections. These can be grown 
with a reduced application of chemicals, thus limiting the environmental impact of 
flower cultivation. Therefore, the development of resistant gladiolus varieties is highly 
desired. Research on resistance against Fusarium oxyspomm in gladiolus and lily was 
part of the above mentioned Urgency Programme. Several lists of resistant and 
susceptible cultivars have been published, reporting that high levels but no absolute 
resistance has been detected among cultivated varieties [30]. Only in rare cases 
Fusarium resistance has been the primary objective of Gladiolus breeding. Selections 
with fivsar/um-resistance have been released in the USA [31-34] and India [35]. Some 
cultivars already present on the market are generally considered resistant, but these 
genotypes posses only a partial resistance. Absolute resistance to Fusarium was reported 
in some wild South African species of Gladiolus [6]. Presently, some breeding 
programmes of private companies in The Netherlands are attempting to increase 
Fusarium resistance among the gladiolus assortments. 
The introduction of the gene or genes from wild species conferring the high level of 
resistance by cross breeding will request many years of backcrossing and selection 
before marketable varieties are obtained. Therefore new breeding strategies directed 
towards the development of Fusar/um-resistant varieties are being sought. 
In vitro selection for disease resistance 
Since 1981, the advantages offered by cell and tissue culture techniques in studies 
meant to identify and exploit new sources of variation, have been recognised world-
wide [36]. Somaclonal variation has been recognised as an effective means to pyramid 
traits, such as disease resistance, into a single genotype while maintaining the genetic 
background of the plant almost unaltered. Extended culture periods of callus, cell 
suspensions and shoot tips may result in cell lines and régénérants with chromosomal 
and genetic alterations [37,38]. Larkin and Scowcroft [39] first proposed the 
exploitation of the occurring somaclonal variation in tissue culture for breeding 
purposes and in the development of new cultivars. Appropriate in vitro selection 
protocols, taking advantage of the variation occurring in culture, need to be developed 
for any specific requirements. This technique may be used for the introduction of 
Fusarium resistance in cultivars of gladiolus. In figure 1, such a protocol is illustrated 
and in Table 1.1 a survey of successful in vitro selections for Fusarium resistance is 
listed. 
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cormel 
regeneration 
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selection at callus level 
SOMACbQNAL VARTATION 
ellular level 
re 1.1 - Proposed schema for the in vitro selection of gladiolus (used in Chapter 7). 
Table 1.1 - Variants of cultivated plants with increased Fusar/um-resistance obtained 
through in vitro selection with fungal metabolites or fusaric acid, and disease resistant 
somaclones detected through screening of the régénérants. 
Plant 
tomato 
tobacco 
barley 
wheat 
red clover 
alfalfa 
celery 
cucumber 
potato 
sweet potato 
strawberry 
banana 
Pathogen and Race 
F. o. f.sp. lycopersici R2 
F. o. f.sp. lycopersici R2 
F. o. f.sp. lycopersici R1 
F. o. f.sp. radicis-lycopersici 
F. o. f.sp. nicotianae 
Fusarium ssp. 
F. graminearum and 
F. culmorum 
F. roseum 
F. o. f.sp. medicaginis 
F. oxysporum, 
F. avenacearum and 
F. solarti 
F. o. f.sp. medicaginis 
F. o. f.sp. medicaginis 
F. о. f.sp. apii 
F. о. f.sp. apii R2 
F. o. f.sp. apii R2 
F. o. f.sp. apii R2 
F. o. f.sp. cucumerinum 
F. o. f.sp. solani 
F. o. f.sp. batatas 
F. o. f.sp. fragrariae 
F. o. f.sp. cúbense R4 
F. o. f.sp. cúbense R1 
Selective 
agent * 
FA 
SR 
FM 
SR 
FM 
FA 
FM 
FM 
FM 
FM 
FM 
SR 
SR 
SR 
SR 
SR 
FM 
FM 
SR 
SR 
SR 
FA 
Resistance 
measurement on/by 
progenies 
progenies *** 
progenies 
progenies 
régénérants 
bio-assay** 
progenies 
régénérants 
régénérants 
régénérants 
régénérants 
progenies *** 
progenies *** 
progenies 
régénérants 
progenies 
bio-assay** 
cloned plants 
cloned plants*** 
cloned plants 
cloned plants 
cloned plants 
Reference 
[39] 
[40] 
[41] 
[42] 
[43] 
[44-46] 
[47] 
[48] 
[49] 
[50] 
[51,52] 
[53] 
[54,55] 
[56] 
[57] 
[58] 
[59] 
[60] 
[61] 
[62] 
[63] 
[64] 
•FA - fusaric acid, SR - screening of régénérants, FM - fungal metabolites including 
culture filtrates. 
' * regenerated plants were tested only in laboratory assays 
*** the somaclone has been released as a resistant cultivar 
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Exploitation of somaclonal variation as a tool of disease resistance breeding has been 
extensively reviewed [65-67]. Three requirements need to be fulfilled for a successful in 
vitro selection procedure. First, cultures that are subjected to selection must possess 
sufficient genetic variability. If not enough variability is present, it may be induced 
through chemical or physical treatments. Second, easy and efficient selection methods 
for the desired traits in the individual cells or tissues are needed. Third, the characters 
favoured by the selection must be under genetic control. The trait must be possessed by 
the regenerated plants and be able to be passed stably and unchanged to progeny, 
irrespective wether the plants are seed-propagated or clonally propagated. 
Each point is important, but the availability of a suitable selecting agent is essential 
for final success. Often compounds produced by the pathogens are used as selecting 
agents. The possible role of such compounds in plant disease has been the object of 
many studies of plant pathologist. The role of the so called 'primary disease 
determinants', among which host-specific toxins, is world wide recognised [68]. In most 
plant-pathogen interactions, however, no host-specific-toxins have been found [69]. 
Nevertheless toxins may be involved in the interactions, they are defined as non-host 
specific or as 'secondary disease determinants'. The role of these compounds as disease 
determinants may be elucidated by a more careful evaluation. 
The role of fusaric acid in the Fusarium-hosi interaction 
Many species of Fusarium produce metabolites that are toxic to plants. Generally, 
toxins of Fusarium are non-host-specific and their exact role in disease development has 
not been established [69]. Fusaric acid (5,n-buthylpicolinic acid) is one of these toxins 
and is produced as a cultural metabolite by at least ten species of Fusarium and formae 
speciales of F. oxysporum [70]. 
For plant pathologists, evidence of the role played by a toxin during pathogenesis 
has to rely on comprehensive proofs. Various research groups have suggested different 
criteria that need to be met to understand the role of a phytotoxic compound. Rudolph 
[69] suggested seven, Drysdale [70] suggests three while Yoder [71] proposes five. Even 
if each of the proposed criteria is met the role of the toxin is still not proven beyond 
doubt. 
The criteria proposed by Drysdale [70] to evaluate toxins as factors in pathogenesis are: 
- production of typical disease symptoms when applied to healthy plants; 
- isolation and identification of the toxin from diseased plants; 
- correlation of the virulence of isolates to their ability to produce the toxin in 
vitro, or more desirably, in vivo. 
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Strong indications against the involvement of fusaric acid in pathogenesis have been 
reported. Cabbage is infected by the fungus F. oxysporum f. sp. conglutinans, but no 
strain was found able to synthesise the toxin. Moreover, fusaric acid has also not been 
extracted from cabbage tissue [72]. Page [73] found non-pathogenic, non-virulent 
isolates that produced fusaric acid. Furthermore, the different ability of tomato plants, 
with distinct Fusar/'um-resistance, to convert fusaric acid into less toxic compounds did 
not correlate to the difference in resistance. Furthermore studies with UV-treated 
mutants of F. oxysporum f. sp. vasinfectum [74] and f. sp. lycopersici [75] showed that 
no correlation exists between pathogenicity and the ability to produce fusaric acid in 
culture. In resistant flax cultivars, no toxin was formed even by virulent strains of F. 
oxysporum f. sp. lini [76], however fusaric acid induced severe wilting on cuttings of 
wilt-resistant and wilt-susceptible varieties. 
The study of the production of fusaric acid in vitro is complicated by the ability of 
culture media to influence fusaric acid production. For example, the presence or 
absence of Zn-ions, as well as a correct ratio between С and N [77] in the nutrient 
medium influences the production of fusaric acid negatively or positively, regardless to 
the virulence of the isolate [78]. 
Despite these arguments against the possible role of fusaric acid as a disease 
determinant, a number of reports have been published which supported the relevance 
of fusaric acid in the host-pathogen interaction in selective pathogenicity. Fusaric acid 
has been recovered from different host-plants infected with their compatible forma 
specialis of F. oxysporum. So far, fusaric acid has been detected in diseased tissues of 
cotton [79], banana [80], soybean [81], tomato [82], flax and watermelon [83]. 
Frequently, other substances like dehyrofusaric acid and 10-hydroxyfusaric acid occur 
together with fusaric acid [84]. Secondly, the amount of toxin produced in vivo in 
tomato, watermelon [83], peas [84] and safflower [85] correlated well with the 
virulence of the used isolates. Toyoda and co-workers [86] were able to protect tomato 
plants from an isolate of F. oxysporum f. sp. lycopersici Race 1, by pre-inoculating the 
plants with a strain of Pseudomonas solanacearum capable of detoxifying fusaric acid. 
Cellular and biochemical studies revealed only partial evidence for the role of fusaric 
acid in the disease development. Pegg [87] showed that fusaric acid causes leakage of 
cell and protoplast membrane. The effects on water permeability is based on the ß-
position of the aliphatic side chain in the molecule. Basic defence mechanisms could 
be overcome by disrupting cellular function [88] or by inhibiting the activity of 
polyphenol oxidase due to the presence of the carboxyl group in α-position to the 
nitrogen [89]. Fusaric acid has been demonstrated to bind to various phenols but the 
chelating ability of this toxin is still controversial [90]. 
Despite the ambiguity of the role played by fusaric acid in the disease development, 
toxins and culture filtrates of numerous Fusaria have been used successfully in in-vitro 
selection experiments (Table 1.1). Among these, three successful reports using fusaric 
acid as a selecting agent have been published [39,44,64]. 
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Outline of the thesis 
The object of the research described in this thesis was to assess the role of fusaric 
acid produced by F. oxysporum f. sp. gladioli, in corm rot disease of gladiolus, with the 
ultimated goal to use fusaric acid as selective agent in in vitro selection experiments. 
Therefore two lines of research were followed. In the first line we tried to obtain 
evidence for the role of fusaric acid in the disease development of corm-rot. The second 
line consisted of the in vitro selection of fusaric acid tolerant variants. For both lines it 
was necessary to develop an appropriate tissue culture technique. 
In Chapter 2 of this thesis, a tissue culture medium is described that is suitable for 
Gladiolus tissue culture. A protocol for the induction, maintenance and regeneration of 
gladiolus callus from cormels of different genotypes is developed along with a 
technique to measure the growth rate of callus clumps. In Chapter 3 a way to discrimi-
nate between Fusarium resistant and susceptible genotypes of gladiolus plants in several 
laboratory bio-assays is explored. 
To determine the amount of fusaric acid present in plant tissue, protocols for the 
extraction and analysis had to be developed (Chapter 4). The relationship between the 
aggressiveness of various isolates of F. oxysporum f. sp. gladioli and the amount of 
fusaric acid recovered in the infected corm tissue, together with the ability of different 
isolates to release fusaric acid into liquid media, are described in Chapter 5. 
For the successful completion of the second research line, a protocol to induce and 
maintain a viable, regenerable cell suspension culture over a prolonged period had to 
be developed (Chapter 6). The cell suspensions were then challenged in vitro with 
fusaric acid to select for toxin tolerance (Chapter 7). 
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Chapter 2 
Callus induction and plant regeneration from Gladiolus 
Summary 
A method for the initiation of callus capable of plant regeneration from in vivo 
grown cormels of gladiolus (Gladiolus χ grandiflorus Hort.) is described. Sliced cormels 
of the large-flowering hybrid, 'Peter Pears' were cultured in vitro on a modified 
Murashige and Skoog medium, supplemented with various auxins. Yellow callus, which 
was either friable or compact, could be induced on all media tested. Callus induced on 
media with naphthaleneacetic acid failed to proliferate. Callus induced on media with 
9 μΜ 2,4-dichlorophenoxyacetic acid showed the best growth. Addition of micro­
elements and vitamins increased the induction and growth of callus capable of plant 
regeneration. Expiants taken from the middle part of the cormels had the highest 
competence for callus initiation. Callus was induced on several gladiolus hybrids and 
the South African species G. gamierii Klatt. Callus induction was genotype dependent 
and among the cultivars tested, 'Peter Pears' and 'White Prosperity' were superior with 
respect to callus production on the media with either 2,4-dichlorophenoxyacetic acid or 
picloram. Plants were regenerated from yellow compact callus of all genotypes on 
media containing zeatin and benzyladenine in various concentrations. 
PC Remotli, HJM Löffler. Callus induction and plant regeneration from Gladiolus. Plant cell. 
Tissue and Organ Culture 1995 42: 171-178. 
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Introduction 
Plant breeding, is based on variational differences utilising the combination of 
genomes and the selection of new genotypes with desired traits. This has been the 
foundation of successful modern agriculture and horticulture in the last decades. During 
the last decade, many new techniques have become available for breeders and most 
take advantage of the ability to regenerate whole plants from single cells. In vitro 
selection makes it possible to isolate cells in culture with desired traits and may exploit 
somaclonal variation [1]. The potentiality of this technique especially related to the 
study of disease resistances is extensively reviewed by van den Bulk [2]. 
One of the prerequisites for a successful application of in vitro selection is the 
presence of in vitro regeneration techniques, preferably a cell suspension culture. 
Therefore, friable callus is considered to be necessary. For many agricultural crops, 
protocols have been developed, but only to a limited extent for bulbous ornamental 
species. Most bulbous ornamentals are monocotyledons and among this group, callus is 
generally initiated from meristematic tissue such as embryos, basal meristems, or shoot 
tips [3]. Callus cultures can also be obtained from scales, rhizomes, inflorescence stalks 
and corms [4,5]. Recently, Mii et al. [6] obtained callus from seeds of Lilium. Callus 
formation in gladiolus has been described [7-9] but plants were not regenerated. Callus 
formation was also reported during a micropropagation technique of gladioli [10]. 
Successful regeneration from gladiolus callus has been reported when in vitro grown 
cormels or whole intact plants were used as expiant source [11 -13]. 
In vitro grown cormels should be distinguished from in vivo grown cormels. The 
latter are the small corms arising in the region between mother and daughter corm 
attached at the base of the daughter corm with short stolons. In vitro grown cormels are 
harvested from in vitro cultured shoots. These cormels resemble in vivo grown cormels 
but are morphologically and physiologically different. Hereafter we will refer to cormels 
that originated in vitro as cormlets and to those harvested in vivo as cormels. 
Kamo et al. [14] used friable callus of 'Peter Pears' originating from cormlet slices 
and basal meristem of in vitro plantlets incubated on 2,4-D, to initiate a cell suspension 
culture capable of regeneration. Plants were also regenerated from callus of 'Jenny Lee' 
that was derived from intact plants and cormlets, induced on medium containing NAA, 
2,4-D and dicamba. NAA was found to be more effective for callus induction than 2,4-
D [12]. The development of somatic embryos from friable callus generated from intact 
plants, leaf bases, and cormlet slices of four cultivars has been reported [13]. She 
observed an increased callusing response with 2,4-D as compared to NAA. 
Various factors that influence the induction of regenerable gladiolus callus, friable or 
compact, can be optimised to enhance the callus formation efficiency. This paper 
reports about the effect of supplements to the Murashige and Skoog basal salt mixture 
and vitamins [15] on callus formation from cormel slices. The followings were used: 
adenine sulphate, an increased concentration of thiamine HCl, casein hydrolysate and 
NaH2P04. Furthermore the effects of 2,4-D, NAA (two auxins known to induce callus 
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on cormlets explants) and picloram were compared and the use of cormels as expiant 
source was evaluated. In vivo grown cormels were compared with in vitro grown 
cormlets. Finally the influence of the exact origin of the cormel slices and the influence 
of prolonged storage, were studied. The developed protocol was tested for several 
genotypes of gladiolus. To improve measurements of callus growth, the visual 
evaluation was combined with image processing. This is the first paper reporting 
induction and subsequent regeneration from callus of the South African species 
Gladiolus gamierii. 
Materials and Methods 
Plant material 
Cormels of the gladiolus cultivar 'Peter Pears' , with a mean fresh weight of 41.2 ± 
5.6 mg, provided by the Bulb Research Centre (LBO) in Lisse (The Netherlands), were 
used as expiant source. The cormels were stored for 4 months at 4°C, unless otherwise 
indicated. Cormels were dehusked and selected for healthy appearance, i.e. without 
malformations or presence of necrotic spots. Soil particles and residues of husks were 
removed from the cormels by washing them in tap water, containing a few drops of 
Tween 80. The cormels were then surface disinfested with 80% (v/v) ethanol for 1-2 
min, rinsed once with sterile water, agitated for 20 min in 10% NaOCI (1.5% (v/v) 
commercial bleach) with four drops of Tween 80 in 100 ml solution and rinsed three 
times in sterile water. Cormlets were obtained from shoots cultured on MS medium 
supplemented with 60 g Γ1 sucrose, 10 mg Γ' ß-[(4-chlorophenyl)methyl]-a-(1,1-
dimethylethyl)-1/-/-1,2,4-triazole-1-ethanol (paclobutrazol, commercial product Bonzi 
4%, ICI, AGRO Rotterdam, NL) [16] and solidified with 0.25% Gelrite (Duchefa, 
Haarlem, NL) at pH 5.8. Cultures were maintained in a growth chamber at 25°C under 
a 16-h light photoperiod (60 μπιοΙ m"2 sec"1 cool white fluorescent light). Cormlets were 
collected when the medium was completely dried, which was achieved after 6-9 weeks 
by not sealing the cover on the tissue culture vessel. Cormlets and cormels were cut 
transversely into three slices of approximately 2 mm wide. The slices were rinsed twice 
with sterile deionized water to remove dispersed starch and placed with the cut face on 
a callus induction medium. Spare expiants were prepared to replace those with 
infecions. 
Evaluation of callus production 
Expiant size and callus growth were determined weekly by measuring the area of 
each expiant using an image analyser. The system consisted of a video camera (Sony 
CCD model XC-77CE), image software (TNO, Delft, NL) TCL-IMAGE, and a Macintosh 
Ufa personal computer. After 12 weeks, the expiants were evaluated visually for the 
presence and type of callus. The data were analysed binomially and mean values and 
standard errors were calculated, according to a generalised linear model with the logit 
link function and the binomial distribution. 
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The effect of hormones and medium supplements on callus induction on cormel 
expiants of 'Peter Pears' 
The composition of the callus induction media are summarised in Table 2.1. All 
media were supplemented with 30 g Γ1 (w/v) sucrose and gelled with 0.2% (w/v) Gelrite 
at pH 5.7-5.8. Adenine sulphate, casein hydrolysate, thiamine and the plant growth 
regulators NAA or 2,4-D were added before autoclaving (20 min; 121°C; 138 kPa). 
Filter-sterilised picloram was added to the cooled medium. Five cormel slices were 
incubated per petri dish (90 χ 15 mm) containing 24 millilitres medium, and placed in 
the dark at 25°C temperature for culture. The dishes were sealed with plastic film. At 4 
weeks intervals, the slices were transferred to fresh medium. All treatments were set up 
in fifteen replicate dishes (75 slices per condition). 
Comparison of cormels and cormlets, expiant origin and ageing on callus induction 
Cormels and cormlets of 'Peter Pears' were compared for their ability to induce 
callus on medium CI 3. All expiants were sliced in three parts, resulting in an apical 
slice in the proximal position, a basal slice in the distal position, and a central slice. All 
slices had a thickness of approximately 2 mm. The slices were incubated in separate 
dishes with their cut face on the medium, except for the central slices which had no 
specified orientation. 
To evaluate the decline of callusing ability over time, central slices of 'Peter Pears' , 
taken from stored cormels, were incubated on medium CI 3. In three successive 
experiments, cormels of the same lot, stored for 6, 9 and 12 months respectively at 4°C, 
were used as expiant source. 
Callus induction by different genotypes 
Central slices of cormels of the gladiolus cultivars 'Alfred Nobel', 'Majolica', 'Peter 
Pears' , 'Roselind' , White Prosperity' and of the species Gladiolus gamierii (clone 
number CPRO-85211) were incubated on two callusing media (CI 3 and CI 6). All 
cormels came from the germplasm collection of CPRO-DLO, The Netherlands. The 
cormels were stored for 5 months at 4°C and treated as described previously. 
Plant regeneration 
After 6 months of subcultures, four samples of homogenous yellow compact callus, 
with a weight between 100 and 150 mg, were placed for regeneration on modified MS 
medium prepared as described for the callusing media. Callus clumps already 
presenting evidence of regeneration were not selected. The regeneration media were 
supplemented with 0.5 μΜ ΒΑ and 0-1.0 μΜ filter sterilised zeatin. The dishes were 
kept in a growth chamber at 24°C under a16-h diffuse light photoperiod (30-40 μπιοΙ 
m"2 sec"1). After 8 weeks, the dishes were scored visually for the presence of shoots. 
Some of the shoots were isolated and transferred to fresh medium without plant growth 
regulators for rooting. 
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Table 2.1 Percentages of different callus types found on cormel slices (n=75) of 
gladiolus 'Peter Pears' cultured on six different callus induction media for 12 weeks. 
Media Basal salts Growth regulators Total callus Compact or Friable 
code 
CI 1 
CI 2 
CI3 
CI 4 
CI 5 
CI 6 
and vitamins 
MS1> 
MS mod. 2 ) 
MS mod. 
MS 
MS mod. 
MS mod. 
[μΜ]* 
9.0 2,4-D 
4.5 2,4-D 
9.0 2,4-D 
26.8 NAA 
26.8 NAA 
29.0 picloram 
[ % ] * 
56.0 ± 4.6 
64.0 ± 2.7 
73.3 ± 5.0 
52.0 ± 3 . 9 
70.7 ± 4.2 
61.3 ± 4 . 2 
friable callus 
[ % ] * 
18.7 ± 4 . 3 
41.3 ± 5 . 1 
45.3 ± 5.0 
14.7 ± 3 . 9 
38.7 ± 5.4 
45.3 ± 4.6 
callus 
[%\* 
1.3 ±1.3 
2.7 ±1.9 
16.0 ±4.0 
5.3 ±2.5 
4.0 ±2.2 
6.7 ± 2.8 
values ± standard error. 
' ' MS - Murashige and Skoog (1962) basal salt mixture and vitamins; 
2) MS mod.- MS + 30 μΜ adenine sulphate + 3 μΜ thiamine HCl + 580 μΜ NaH2P04 
+ lg I"1 casein hydrolysate; 
Results 
The effect of hormones and medium supplements on callus induction on cormel 
expiants of 'Peter Pears' 
Within 5 days, most explants on all media tested, started to change colour, turning 
from white to yellow. Sometimes the colour change in the expiant did not affect the 
entire surface. The following three calli types could be distinguished after 12 weeks of 
culture: one type was mainly white, compact translucent and frequently associated with 
white leaf-like structures and root primordía (Fig. 2.2 A); a second type was bright 
yellow and compact (Fig. 2.2 B); and the third type was yellow, friable and dry (Fig. 2.2 
C). Yellow, friable and wet callus was formed only in a few cases (8 %). All media were 
able to induce yellow compact callus and yellow friable callus. Media to which 
adenine sulphate, casein hydrolysate, extra thiamine and NaH2P04 were added (CI 2, 
CI 3, CI 5 and CI 6) were superior to the media CI 1 and CI 4 lacking those supplements 
in inducing yellow compact or friable callus (Table 2.1). Medium CI 3 (with 9.0 μΜ 
2,4-D) was superior to the other media in inducing yellow friable callus. 
The growth of callus on three different media (CI 3, CI 5 and CI 6) was further 
characterised over time. The measurements of growth of 100 calli by weight were 
closely correlated (R2= 0.965) to data obtained with image analysis. Consequently, 
image analysis was chosen for assessing the size changes of the expiants with the callus, 
because of its non-invasive character. Changes of expiant size as measured by image 
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Figure 2.1 Size increase of cormel slices of 'Peter Pears', on three callus induction 
media supplemented with 9.0 μΜ 2,4-D (CI 3), 26.8 μΜ NAA (CI 5) and 29 μΜ 
picloram (CI 6). In the lower part of the figure, the intervals of the three phases of callus 
induction are given. 
Figure 2.2 Callus generated on central slices of Gladiolus 'Peter Pears'. (A) White 
translucent non embryogénie callus; (В) compact yellow callus, (C) friable yellow 
callus. Scale bar - 1 mm. 
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Figure 2.3 Callus generation on central slices of Gladiolus 'Peter Pears'. (A) Swollen 
expiant in phase I, 1 week after culture onset; (B) swollen expiant in phase II with 
globular masses appearing on the cambial ring, 4 weeks after culture onset; (C) expiant, 
in phase III, after 12 weeks showing friable callus at the periphery of the slice and 
arising from the pith. Scale bar = 1 mm. 
analysis could be classified into three phases (Fig. 2.1). In the first phase, which lasted 
approximately four weeks, the size change of the expiant was mainly due to the 
swelling of the expiant, noticeable between the epidermis and the storage tissue (Fig. 
2.3 A). The second phase, lasting for about two weeks, was a stationary one. The last 
phase was characterised by the presence of rapidly growing callus. In the beginning of 
this phase, globular callus appeared on the upper surface of the slices (Fig. 2.3 B) and 
eventually overgrew the expiant (Fig. 2.3 C). 
The tested media had different effects on the three phases (Fig. 2.1). Medium CI 5 
(26.8 μΜ NAA) could induce extensive swelling but only a little callus. The callus on 
this medium was only occasionally abundant, failed to survive subculture for a long 
period and degenerated completely after three months. This callus was characterised by 
the absence of phase three. For those slices placed on CI 3 and CI 6, the second phase 
could be distinguished from the third phase, due to abundance of growing callus in the 
latter phase. 
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Table 2.2 Percentages of different callus types found on cormel or cormlets slices of 
'Peter Pears' cultured on CI 3 medium (9.0 μΜ 2,4-D) for 12 weeks. Cormels and 
cormelets (n=25) were sliced transversely obtaining one apical (AS), one central (CS) 
and one basal section (BS). The effect of storage on callusing competence of cormels is 
evaluated using central slices (CS) stored for 6, 9 and 12 months. 
Variables 
AS of cormels 
CS of cormels 
BS of cormels 
AS of cormlets 
CS of cormlets 
BS of cormlets 
CS stored for 6 months 
CS stored for 9 months 
CS stored for 12 months 
Percent total 
callus 
100 ± 0 . 0 
100 ± 0 . 0 
20 ± 4 . 1 
100 ± 0 . 0 
100 ± 0 . 0 
80 ± 0 . 1 
76 ± 8.5 
60 ± 9.8 
8 ± 5 . 4 
Percent compact 
or friable callus 
56 ± 9.9 
68 ± 9.3 
12 ± 6 . 5 
52 ± 7.1 
92 ± 3.9 
28 ± 6 . 4 
56 ± 9.9 
44 ± 9.9 
8 ± 5 . 4 
Percent friable 
callus 
8 ± 5 . 8 
12 ± 9 . 9 
8 ± 5 . 8 
16 ± 6 . 5 
76 ± 7.6 
12 ± 5 . 8 
3 ± 6 . 5 
8 ± 9 . 3 
0 ± 0 . 0 
values ± standard error. 
Table 2.3 Percentages of different callus types found on central slices of cormels of 
Gladiolus gamierii and five cultivars of hybrid gladiolus (n=25) cultured for 12 weeks 
on media CI 3 (9.0 μΜ 2,4-D) and CI 6 (29 μΜ picloram). 
Genotypes 
G. gamierii 
Alfred Nobel 
Majolica 
Roselind 
Peter Pears 
White 
Prosperity 
Percent callus on 
expiant * 
C I 3 
72 ± 9.0 
100 ± 0 . 0 
84 ± 7.3 
56 ± 9.9 
84 ± 7.3 
100 ± 0 . 0 
CI 6 
4 ± 3 . 9 
100 ± 0 . 0 
20 ± 8 . 0 
16 ± 7 . 3 
80 ± 8.0 
100 ± 0 . 0 
Percent ca 
capable of 
llus 
plant 
regeneration * 
CI3 
56 ± 9.9 
40 ± 9.8 
64 ± 9.6 
52 ± 9 . 9 
72 ± 9.0 
68 ± 9.3 
CI 6 
4 ± 3 . 9 
84 ± 7.3 
16 ± 7 . 3 
16 ± 7 . 3 
52 ± 9.9 
88 ± 6.4 
Percent friable callus 
capable of plant 
regeneration * 
C I 3 
16 ± 7 . 3 
0 ± 0 . 0 
0 ± 0 . 0 
0 ± 0 . 0 
16 ± 7 . 3 
36 ± 9 . 6 
CI 6 
0 ± 0 . 0 
0 ± 0 . 0 
4 ± 3 . 9 
0 ± 0 . 0 
20 ± 8 . 0 
48 ± 9.9 
values ± standard error. 
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Table 2.4 Number of plants regenerated from compact callus (n=4) after 8 weeks, on 
regeneration medium supplemented with 0.5 μΜ ΒΑ and 0-1.0 μΜ zeatin. 
Genotypes 
G. gam ¡eri 
Alfred Nobel 
Majolica 
Roselind 
Peter Pears 
White Prosperity 
μΜ zeatin 
0 
2 ± 0 * 
6 ± 1 
3 ± 1 
1 ± 0 
5 ± 1 
9 ± 2 
0.25 
7 ± 2 
4 ± 2 
4 ± 1 
1 ± 1 
6 ± 1 
8 ± 1 
0.5 
9 ± 1 
4 ± 1 
5 ± 1 
1 ± 0 
3 ± 1 
1 4 ± 3 
1.0 
6 ± 1 
3 ± 1 
11 ± 4 
2 ± 1 
5 ± 1 
8 ± 1 
Values are means ± standard deviation (n=3). 
Comparison of cormels and cormlets, expiant origin and ageing on callus induction 
The number of infected expiants through all experiments was extremely limited. In 
general, more yellow compact callus and yellow friable callus was found on slices 
obtained from cormlets than from cormels (Table 2.2). Basal slices of both in vitro and 
in vivo grown cormels were significantly less effective in supporting the induction of 
callus than apical or central slices. Central slices especially from cormlets were more 
productive in the induction of yellow compact callus or yellow friable callus than 
apical slices. 
The effect of expiant age was determined by inducing callus on central slices of 
'Peter Pears' on medium CI 3. The number of expiants producing callus from cormels 
stored 6 and 9 months was not significantly different. Storage of cormels for 12 months 
resulted in greatly reduced callus production (Table 2.2). 
Callus induction by different genotypes 
Six different genotypes were tested for their ability to produce callus on two different 
media (CI 3 and CI 6). Large genotype and medium effects were observed for callus 
production (Table 3). On CI 3, all genotypes readily produced regenerable callus. 
Medium CI 6 was less suitable for the induction of regenerable callus for G. gamierii, 
'Majolica' and 'Roselind' . The cultivar 'Roselind' and G. gamierii had exclusively a 
unique type of yellow compact callus, covered with a mucilaginous substance. Only 
part of the regenerable callus was friable. Friable callus was not induced on the 
cultivars 'Alfred Nobel' and 'Roselind' on either media. 'Majolica' showed only a scant 
amount of friable callus on media CI 6 whereas G. gamierii produced friable callus only 
on CI 3 medium. 
Plant regeneration 
Since yellow compact callus of all genotypes was available (Table 2.2), this callus 
was selected for the regeneration experiments. After 4 weeks of culture on regeneration 
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medium with various growth regulators, green areas appeared on the callus surface. 
Two weeks later, small structures resembling embryos emerged either individually or in 
groups of 8-20. Shoots could be isolated within two weeks from the callus. The number 
of plants recovered per callus unit is reported in Table 4. On all media except the one 
with 0.5 μΜ ΒΑ and 0.25 μΜ zeatin, 100 % of calli regenerated at least one plant. In 
general, an increasing number of plants were regenerated with increasing doses of 
zeatin. The highest concentration of zeatin tested, however was inhibitory for certain 
genotypes. Plantlets were transferred to soil in the greenhouse and yielded normal 
appearing plants. 
Discussion 
In this study, callus formation was readily achieved on gladiolus expiants obtained 
from in vivo grown cormels after cultivation on MS-medium with various growth 
regulators. Similar results but with in vitro grown expiants were reported by Kamo [12] 
and Stefaniak [13]. The induction of yellow compact callus, later demonstrated to be 
regenerable, was largely stimulated by the addition of supplements to the MS-medium 
(Table 2.1). These supplements were 30 μΜ adenine sulphate, a vitamin known to act 
as a cytokinin and able to enhance embryogenesis [17]; 3 μΜ thiamine HCl or Vit. B-j, 
an essential compound in the biosynthesis of some aminoacids; 1 g Γ1 casein hydro-
lysate, which provides an additional source of nitrogenous compounds and vitamins, 
and 580 μΜ NaH2P04 a micronutrient critical for protein synthesis. In earlier work, 
addition of those supplements was found to greatly stimulate callus production in rice 
(Remotti unpubl.) and cocoa [18]. 
A wide range of auxins and cytokinins have been used to induce callus [12-14]. The 
auxins 2,4-D and NAA were always indicated as the best auxins for callus induction. 
However, more embryogénie callus was formed on medium containing 2,4-D than on 
medium containing NAA [13]. Kamo [13] obtained a greater number of régénérants 
from callus cultured on medium containing NAA than from callus cultured on medium 
containing 2,4-D. In the current research, NAA was as effective at inducing regenerable 
callus from cormel slices of 'Peter Pears' as 2,4-D or picloram. The effectiveness of a 
medium is determined by both the induction and the proliferation of callus. Since the 
visual evaluation used in this study was mainly qualitative, the amount of callus yielded 
by the media was not taken into account. Therefore, a quantitative evaluation, using 
image analysis was carried out. Image analysis has recently been applied to measure 
the growth of cell and tissue culture in vitro [19-20]. In those studies, this non-invasive 
technique was used to accurately assess the newly formed tissue. Image analysis 
provides a bi-dimensional vision of the analysed object, but growth in the third 
dimension cannot be observed. However, volume change could be estimated, because 
swelling and callus growth were evident only at the periphery of the slice, in concentric 
pattern in all directions (Fig. 2.3 C). A good correlation was found between expiant 
weight and expiant area, as measured by image analysis. Therefore, this method is 
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considered to give an accurate indication regarding the influence of callus induction 
media on callus growth. 
Central slices of cormels were more effective than apical and basal slices in forming 
regenerable callus. The absence of meristems on central slices, in contrast to the basal 
and apical slices, may have stimulated the growth of non-differentiated tissue on the 
latter ones, similar tissue was described by Bajaj et al. [10]. The same differences were 
seen also when cormlets instead of in vivo grown cormels were used as expiant source. 
Although these expiants induced more yellow compact and friable callus, indicating 
that cormlets are a more efficient expiant source than cormels. We consider in vivo 
grown cormels as an additional convenient expiant source for tissue culture work. They 
are easy to achieve and manipulate, they are available from all cultivars and they may 
be stored for a prolonged time. However, because of a decreasing competence for 
callus initiation after a storage period of more than 9 months, older cormels should be 
avoided in experiments. 
The callus formation of different genotypes was tested on two media, containing 9.0 
μΜ 2,4-D or 29.0 μΜ picloram respectively. An interaction between genotype and 
medium was found, thus confirming the observations of Stefaniak [13]. She reported 
that 'Peter Pears' did not equally produce callus on medium with 2,4-D and on medium 
with NAA. Kamo et al. [14] found that only one medium out of eight was capable of 
inducing callus on all three cultivar tested. Since not all our tested genotypes were able 
to sustain the formation of regenerable callus on the medium with picloram similarly, 
medium with 2,4-D was considered to be the more general callus inducing medium. 
Yellow compact callus of all genotypes, obtained on the medium with 9.0 μΜ 2,4-
D, regenerated readily into plants. This supports the observations of Kamo et al. [14], 
who regenerated whole plants of all cultivars tested, and Stefaniak [13] who 
regenerated plants from friable, but not from compact callus. Using kinetin in the 
regeneration media, Kamo [12] reported a regeneration rate of 75% from callus, 
whereas we found that media with a combination of BA and zeatin were able to 
regenerate plants from almost 100% of the calli tested. Preliminary observations 
indicate that the regeneration process from the callus occurred presumably via somatic 
embryogenesis, as was demonstrated by Stefaniak [13]. 
In conclusion, regenerable callus of a number of gladiolus genotypes can be induced 
and maintained on modified MS medium with 9.0 μΜ 2,4-D as growth regulator. 
Central slices of cormlets are the best explants, but also in vivo grown cormels, if not 
older than 9 months, yield good results. In future work, callus obtained from cormel 
slices will be used for the initiation of cell suspension cultures. 
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Chapter-3 
The involvement of fusaric acid in the bulb-rot of Gladiolus 
Summary 
Tissue cultures of Gladiolus have been used successfully to determine host specific 
properties of fusaric acid, a phytotoxin produced by Fusarium oxysporum f. sp. gladioli 
(Mas.) Sny. et Han. Ten Gladiolus genotypes, including three wild South African 
species, varying in resistance to Fusar/um-rot, were differentiated based on the ex-
pressed insensitivity to fusaric acid. Shoots and callus cultures were challenged in vitro 
with various concentrations of fusaric acid. The ion-release caused by the toxin was 
measured with callus and intact cormels. In all above mentioned bioassays resistant and 
susceptible genotypes could be generally discriminated. However, only two of the 
developed bioassays, the shoot assay and the ion-release with intact cormels, gave 
significantly coinciding results with the Fusar/um-resistance assessed in a greenhouse 
experiment. When using callus tissue in the assays, the obtained answer correlated less 
with the Fusar/um-resistance. It is concluded that a part of the Fusar/um-resistance is 
based on fusaric acid insensitivity. 
PC Remotti, HJM Löffler. The involvement of fusaric acid in the bulb-rot of Gladiolus. Journal of 
Phytopathology (submitted). 
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Introduction 
Bulb-rot caused by the fungus Fusarium oxysporum f. sp. gladioli (Mas.) Sny. et Han, 
¡s a serious threat to gladiolus cultivation in most cropping areas. This pathogen causes 
large losses during corm and flower production, not only in Gladiolus but also in other 
iridaceous species such as crocus, freesia, iris and ixia [1]. 
The most common symptoms of Fusan'um-rot on gladiolus corms are the presence of 
necrotic spots on the corm surface or the rotten base of the corm. From the infected 
corms of some susceptible cultivars fusaric acid (5-n-butylpicolinic acid) has been 
extracted (Chapter 4,5). Fusaric acid is a toxin produced in vitro by many formae 
speciales of F. oxysporum. This toxin has the ability to inhibit the cytochrome oxidase 
[2], and the mitochondrial respiration [3]. The ATP levels on the plasma membrane are 
decreased [4,5] causing wilt symptoms and ion release [6]. Fusaric acid reduces the 
activity of phenol and polyphenol oxidases, which play a role in the active defence of 
the plant against pathogens [6]. When infected, plants can metabolise or convert fusaric 
acid into less toxic compounds [7]. 
Different sources of resistance to Fusarium among cultivars and wild gladiolus 
species ranging from partial resistance to high levels of resistance have been reported 
[8-9], but most commercial, high quality, big flowering hybrids are quite susceptible to 
this pathogen and no absolute resistance has been observed [9,10]. More resistant 
cultivars are necessary to considerably reduce the application of chemicals, as 
benomyl, captan, prochloraz and procymidone [11], for disease control. 
To select for resistance a simple, reproducible and reliable screening method is 
needed. A fungal toxin playing a role in the disease would be a very valuable tool for 
this goal. Fusaric acid could represent such a screening agent, but the role of this toxin 
in plant pathogenesis has not been fully understood. The toxin is classified as a non-
specific one, since it is toxic to different host and non-hosts crops of the pathogen. 
Scheffer [12] considered fusaric acid as toxic, biologically active, but with no known 
role in disease development. Still non-specific toxin may be necessary for successful 
infection of the host-plant [13]. Fusaric acid has been successfully applied to 
discriminate between plants resistant and susceptible to Fusarium in cabbage [14], 
muskmelon [15] and carnation [16]. Fusarium resistant tomato [17] barley plants [18] 
and bananas [19] were regenerated from calli selected in vitro on fusaric acid as 
selective agent. The relation between resistance to the pathogen and resistance to 
fusaric acid has been emphasised in these studies. The objective of this study was the 
assessment of the relation between susceptibility to F. oxysporum of some genotypes of 
gladiolus and their sensitivity to fusaric acid. Several assays have been developed based 
on the use of different tissues. 
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Materials and methods 
Plant material 
Cormels of three South African species Gladiolus callianthus Marais (CPRO 85142), 
G. gamierii Klatt (CPRO 85211) and G. dalenii Ceel (CPRO 82039-4D) and seven large 
flowering cultivars of G. grandifloras Hort. ('Alfred Nobel', 'Amsterdam', 'Majolica', 
'Peter Pears', 'Roselind', White Prosperity') were obtained from the germplasm 
collection of CPRO-DLO, The Netherlands. In vitro grown shoots, of all genotypes, 
were raised from the apical meristems of cormels. The cormels were disinfected as 
described by Remotti [20] and sliced. The slice containing the apical bud was allowed 
to develop on modified MS medium [21,22], amended with 0.5 μΜ of n-benzyladenine 
(BA). Shoot cultures were maintained at 24°C under a 16-h light photoperiod (60 μπιοΙ 
m'2 sec'1 cool white fluorescent light). Shoots were separated and transferred to fresh 
medium every four weeks. 
Central slices of the same cormels were used to initiate callus cultures on CI-3 
medium [22] containing 9 μΜ 2,4-dichlorophenoxyacetic acid (2,4-D). The calli were 
maintained on CI-3 medium in the dark at 25°C and subcultured every four weeks. 
Only callus samples with identical morphological characteristics and subcultured the 
same number of times were used in the experiments. 
Greenhouse test 
A greenhouse test was used to assess the resistance level of the 10 genotypes used to 
F. oxysporum f. sp. gladioli. Two aggressive isolates of the fungus designated LBO-Fog-2 
and LBO-Fog-15 [23], were grown in 300-ml glass jars containing 100 gram of an 
oatmeal-soil mixture (1:4 w/w; autoclaved for 120 min at 121°C, 138 kPa) for 3 weeks 
at 23°C. Both oatmeal-soil cultures were than ground, mixed in a 1:1 ratio and added to 
potting soil in a concentration of 0.1%. The numbers of propagules were determined 2 
weeks after soil infestation by dilution plating on a modified Komada medium [24]. 
For each genotype, three pots were filled with 10 litres of infected soil and one pot 
with non infected soil. In each pot three dehusked corms (4-6 cm diameter) of one 
genotype were placed at 6-8 cm depth. The pots were placed in a temperature 
controlled greenhouse at 18°C (16-h day/8-h night) in a 4 randomised blocks (3 with 
infested pots and one with control pots). Twelve weeks after planting, the corms were 
evaluated visually for the presence of necrosis on the mother corm in a scale ranging 
from 1 to 6 (1: healthy; 2-5: respectively 5-10%, 15-25%, 30-50%, 60-90% necrotic 
areas or rot on the corm surface; 6: completely rotten). 
In vitro shoot assay 
Fusaric acid (Sigma Chemical Co., St. Louis, MO) was dissolved in water and 
sterilised through a 0.42 μπι filter. The fusaric acid solution, was added in different 
concentrations (0, 0.2, 0.35, 0.5, 0.7 mM), to the autoclaved MS medium after cooling 
down to 40°C. The MS medium was supplemented with 30 g Γ1 sucrose, 30 μΜ 
adenine sulphate + 3 μΜ thiamine HCl + 580 μΜ NaH2P04 + 1 g Γ1 casein hydrolysate. 
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Three tissue culture vessels were prepared for each combination of genotype and fusaric 
acid concentration. Into each vessel, three shoots were placed, selected for their 
uniformity and size. After 14 days these shoots were scored for symptoms. All shoots 
showing growth or with no symptoms, scored 1. Shoots with bleached basis or 
apparently dead were considered diseased, thus scoring 0. 
Ion release from whole cormels 
Healthy cormels of 250-350 mg, were dehusked and rinsed in demineralised water 
for 15 min to remove soil and husk particles. Only cormels that were not visibly injured 
or wounded were used. Half of the selected cormels were incubated in 3 ml of MQ 
water supplemented with 5 mM fusaric acid. The other half was incubated in MQ water 
without fusaric acid, as control. The pH of both solutions was measured, and the pH of 
the control solution was adjusted to 4.6. Conductivity of the solution was measured at 
0.25 V (at 6 h intervals, for 72 h) with an automatic seed analyser model ASAC-1000 
(Applied Intelligent Systems, INC, Ann Arbor, Ml). Each test was carried out with 10 
replicates. 
Callus growth assay 
Wells of a six-well macro-plate (Greiner) were filled with 6 ml of CI-3 medium each 
containing 0, 0.2, 0.3, 0.35, 0.4 and 0.5 mM of filter-sterilised fusaric acid. Small 
samples of callus, with a weight of 45-50 mg were placed in the center of each well. 
The area covered by each clump was initially measured with an image analyser as 
described by Remotti and Löffler [22]. After two weeks, the size of each clump was 
measured again. The size increase relative to the control well was calculated after 15 
days. The experiment was set up in triplicate. 
Ion release from callus 
Samples of compact callus, with a weight between 45 and 60 mg, were incubated in 
3.5 ml of sterile MQ-water, supplemented or not with 0.35 mM fusaric acid. The 
solutions were adjusted to pH 4.6. Conductivity was measured at 0.25 V (at 4 h 
intervals, for 24 h). The ion release due to fusaric acid was calculated by subtracting the 
conductivity in the wells with control callus from the values in the wells with the 
treated callus. The test was carried out with 10 replicates. 
Statistical analysis 
All bioassays have been replicated at least two times. With the exception of the data 
of the shoot assay, the data of all tests were analysed with the analysis of variance. All 
means were separated through LSD test (P<0.05). The data of the shoot-assay were 
analysed according to a generalised linear model with the logit function and the 
binomial distribution. 
Correlations between the greenhouse test and the bioassays were determined. For 
each experimental set only that toxin concentration or one measurement was taken into 
account, which showed the largest differences between the genotypes. 
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Results 
Greenhouse test 
A large variation in resistance was found between the tested cultivare (Table 3.1). С 
dalenii had a very high resistance to F. oxysporum. The corms of these species were not 
affected by the pathogen after 12 weeks of growth in the infected soil. Also 'Roselind' 
and G callianthus had a high level of resistance. The most affected cultivars were 'Peter 
Pears', 'Hawaii' and 'Majolica'. In most cases the corms of these genotypes were 
completely decayed (scoring 5 or 6). 
In vitro shoot assays 
The shoots of all genotypes showed more symptoms with the increasing 
concentrations of fusaric acid concentration in the medium. The dose-response results 
of 5 representative genotypes out of the 10 tested are presented in Fig. 3 A, whereas 
Table 3.1 shows the sensitivity of all genotypes for 0.35 mM fusaric acid. Shoots not 
affected by the toxin after 14 days were apparently healthy and sometimes exhibited at 
the shoot base either the formation of new axial ly. Frequently new roots were formed. 
Shoots affected had a bleached or necrotic shoot base or were completely necrotic and 
never had new-formed roots (Fig. 3.1 A). The species and 'Roselind' were the least 
affected by 0.35 mM fusaric acid (Table 3.1). 
'Amsterdam' scored better than G. callianthus on 0.35 mM fusaric acid, while on 
0.5 mM fusaric acid 'Amsterdam' scored only better than 'Peter Pears'. At the 
concentration of 0.35 mM fusaric acid the shoots from 'Peter Pears' and 'Alfred Nobel' 
were mostly affected by the toxin. 
Ion release from whole cormels 
All cormels of all genotypes immersed in a 5 mM fusaric acid solution had an 
increased ion release in time, whereas the conductivity measurements of the controls 
did not increase during the experiment. At lower concentrations no clear differences in 
conductivity could be distinguished between genotypes. The species and 'Roselind' had 
the lowest ion release in comparison to the other cultivars (Fig. 3.2 B; Table 3.1.). 
Callus growth assay 
All genotypes were affected by increasing concentrations of the toxin (Fig. 3.2 C), 
but not all genotypes to the same extent. The largest differences between genotypes 
could be observed at the concentration of 0.35 mM fusaric acid (Table 3.1). Clearly 
highly affected by the toxin were 'Peter Pears', 'Amsterdam' and 'Alfred Nobel', which 
grew least on this concentration. 
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Table 3.1 Results relative to the greenhouse test, the four bioassays and the ten 
genotypes tested. For each assay the most representative fusaric acid concentration is 
given. 
Greenhous Shoot Cormel Callus Callus ion-
etest growth ion-release growth release 
Experiment 
number* 
FA Cone. [mM] 
Genotype 
G. dalen i i 
Roselind 
G. calHanthus 
Amsterdam 
White Prosperity 
G. gamierii 
Alfred Nobel 
Peter Pears 
Hawaii 
Majolica 
LSD cos 
[DS] 
1 
-
1.00 a 
1.44 ab 
1.56 ab 
2.11 bc 
2.33 c 
2.56 cd 
3.33 d 
4.11 ed 
4.56 e 
5.00 e 
0.88 
[%] 
2 
0.35 
84 at 
92 a 
80 ab 
84 a 
60 bc 
84 a 
40 cd 
24 d 
56 c 
56 c 
20.5 
[mS] 
3 
5.0 
4.69 at 
5.81 b 
3.99 a 
9.79 c 
10.18 cd 
5.89 b 
11.68 de 
12.07 f 
10.40 ce 
11.89ef 
1.63 
[%] 
4 
0.35 
99.6 at 
104.7 a 
98.3 ab 
72.3 e 
92.4 bc 
103.3 a 
83.2 d 
47.7 f 
98.9 ab 
91.1 с 
7.04 
[mS] 
5 
0.35 
-5.38 at 
0.13 b 
8.65 c 
19.75 de 
n.d. 
4.30 b 
15.77 d 
21.79 e 
3.75 b 
9.63 c 
4.26 
* 1 - DS - Disease score; evaluation after 12 weeks of culture, 1 = healthy corm, 6 = corms 
completely rotten 
2 - Percent of surviving shoots after 15 days on medium supplemented with 0.35 mM 
fusaric acid; 
3 - Ion release of cormels, immersed in a 5 M solution, measured after 72 h; 
4 - Relative growth of compact callus clumps after 15 days on medium supplemented 
with 0.35 mM fusaric acid; 
5 - Ion release of callus, immersed in a 0.35m M solution, measured after 24 h. 
t - Values in column followed by unlike letters are significantly different at P<0.05 
according to LSD test; n.d. - not determined. 
Ion release from callus 
Callus clumps placed in water released ions in time, even in absence of the toxin. 
Therefore ion-release in presence of the toxin was corrected for the release in absence 
of the toxin (Fig. 3.2 D). Compared to susceptible cultivars, resistant genotypes had 
significantly less ion-release after 24 hours if immersed in a 0.35 mM fusaric acid 
solution (Table 3.1). 'Peter Pears' expressed the greatest ion release (21.7 μ5) while the 
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most resistant genotypes (G. dalenii and 'Roselind') were negative or close to zero (Fig. 
3.2 D). 
Figure 3.1 Effect of fusaric acid on in vitro cultured shoots; A - control, В - shoot with 
reduced growth, С - shoot with necrotic base and root, D - dead shoot 
Table 3.2 Correlation values between the greenhouse test and the bioassays. 
Greenhouse 
testO) 
1 
2 
3 
4 
5 
* Ρ > 0.05;" Ρ > 0.01 
Shoot assay 
(2) 
-0.741 
** 
-
Cormel ion-
release (3) 
0.811 
** 
-0.812 
*» 
-
Callus 
growth (4) 
-0.367 
0.686 
* 
-0.631 
* 
-
Callus ion-
release (5) 
0.421 
-0.611 
0.685 
* 
-0.858 
** 
-
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Correlation between the greenhouse experiment and the bioassays 
The data obtained in the shoot assay and the ¡on release of the cormels correlated 
significantly with the data-set of the greenhouse and with each other (Table 3.2). Non-
significant correlations were found between the greenhouse test and the bioassays 
involving callus tissue. However, these last two assays were closely correlated to each 
other. Correlations between the greenhouse test, shoot and cormel assays on one hand 
and the callus growth and callus ion-release assays on the other hand, had either weak 
or no correlations. 
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Figure 3.2 The behaviour of five genotypes, mostly representative from the 10 tested in 
the four bioassays, are displayed; (A) - shoot growth, (13) - cormel ion-release, (C) -
callus growth, (D) - callus ion-release. 
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Discussion 
Fusaric acid affects the development of shoots and callus cultured in vitro and 
causes ion release of callus and cormels immersed in a fusaric acid solution. These 
results affirm the toxicity of this fungal metabolite for gladiolus at various 
developmental stages. All bioassays showed significant differences between genotypes 
for fusaric acid sensitivity, suggesting that genetic variation for this trait is present. In 
general, in all the bioassays the resistant genotypes react differently from the more 
susceptible genotypes yet not all bioassays correlated well to the greenhouse test. 
The bioassays were pooled in two different groups, according to the correlation of 
the data-sets with the greenhouse results. The first group includes the shoot assays and 
the ion-release assay with cormels. These assays correlated strongly with the Fusarium 
test and to each other. The data of the callus growth assay and the callus ion-release 
were also correlated strongly to each other, but no significant correlation was found 
with the greenhouse test. Therefore using callus of gladiolus in bioassays reflects less the 
resistance level of the gladiolus genotypes than using shoots or cormels. 
Between the two groups, the bioassay did not correlate very strongly. Some specific 
genotypes largely contribute to this low correlation. 'Amsterdam', known to be resistant 
or tolerant, was found to be extremely sensitive for fusaric acid in the callus growth and 
the ion-release from callus, but was less sensitive to fusaric acid in the shoot growth and 
ion release assay from cormel. 
When selecting with fusaric acid for Fusarium resistance, two types of errors may be 
encountered: false negatives or false positive. The first represent resistant genotypes 
which still are sensitive to fusaric acid. Apparently the resistance of these genotypes is 
not based on fusaric acid-insensitivity, but on other mechanisms. This has been 
observed for 'Amsterdam' that shows the typical signs of a hypersensitive reaction upon 
fungal invasion. Genotypes carrying this type of resistance will be missed in toxin-based 
selection, with the risk of narrowing the genetic base of resistance. In the present study 
'Amsterdam' was the only false negative among the tested genotypes. The other 
resistant genotypes were little sensitive in the bioassays. 
The second error type, the false positives, are formed by those genotypes which are 
insensitive for fusaric acid but still susceptible to Fusarium. These genotypes are highly 
sensitive for other aggressiveness factors of the fungus. Those genotypes will be 
apparent when selected material is re-tested for Fusar/um-resistance. False positive were 
found according to the bioassays, based on callus tissue. 'Hawaii' and to some extent 
'Majolica' would be selected as resistant in those assays while they scored as 
susceptible in the greenhouse test. This susceptibility is better predicted by the other 
two bioassays, underlining that the bioassays involving differentiated tissues, as cormels 
or shoots, are more reliable than those utilising dedifferentiated tissue, as callus. 
Contrasting results from studies correlating in vitro responses to fungal metabolites 
with fungal resistance have been reported for different formae speciales of F. 
oxysporum. Frequently either culture filtrate or fusaric acid have been used. No relation 
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between in vivo and in vitro responses were found when testing tomato, muskmelon 
and banana tissues [25-28]. However, successful assays with cabbage, muskmelon and 
carnation were described [14-16]. Possibly the success or the failure of a bioassay 
depends on the type of assay, the species, plant tissue and pathogen metabolite chosen. 
In two of our assays involving callus tissue the correspondence with the greenhouse 
results were weak, while when using fully differentiated material, shoots or whole 
cormels, the response was closely correlated with the Fusarium-test In contrast to our 
findings the responses of Allium tissue cultures to filtrates of Pyrenochaeta terrestris 
gave an opposite response: callus cultures reflected the whole plant susceptibility to the 
pathogen, but the shoot or plantlet cultures did not [29]. 
Based on the significant correlations between the greenhouse test and at least two 
bioassays, we concluded that fusaric acid plays a role in the corm-rot of gladiolus. In 
this respect fusaric acid is similar to the host-selective toxins. Those toxins types have 
been demonstrated to have a role in disease development [12], and when used in a 
bioassay they are able to distinguish resistant and susceptible genotypes. In future 
breeding programmes, the positive relation between resistance to fusaric acid and 
resistance to F. oxysporum f. sp. gladioli, may be exploited for the recovery of resistant 
plants from in-vitro selections. However, the occurrence of false positive may hamper 
in-vitro selection, especially since this technique normally involves callus or cell 
suspensions. Furthermore, assays, as the shoot test could be used to test plantlets at 
seedling stage, but with the limitation that resistance mechanism different form those 
involved with the insensitivity for fusaric acid won't be recovered. 
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Chapter 4 
Fusaric acid production by Fusarium oxysporum f.sp. gladioli on 
artificial media and in planta 
Summary 
Fusaric acid is produced in shake cultures by an isolate of Fusarium oxysporum f.sp. 
gladioli, the causal agent of corm rot of gladiolus. This was determined by high 
performance liquid chromatography (HPLC). Three media were tested, Czapek-Dox, 
Richard, and a low nutrient medium supplemented with a precursor of the toxin. Large 
differences in the production dynamic and maximal accumulation of fusaric acid were 
observed. Fusaric acid was present in the infected corm tissue as detected by HPLC and 
gas chromatography. In corm tissue, an average of 2.5-3 μπιοΙ fusaric acid per gram dry 
weight was detected. The outer part and the inner part of the corm were physically 
separated. The outer heavily infected part contained less fusaric acid compared to the 
inner slightly infected part. This suggests that the toxin precedes the fungus leading the 
invasion. The concentration of fusaric acid found, exceeded those reported for other 
Fusarium diseases. According to a bio-assay the level of toxin detected was in the same 
order as that needed to exert a toxic activity on the corm. Possibly, the toxin locally and 
temporally surpassed the measured concentrations. Oxygen uptake and respiration of 
treated corm tissue were reduced by a concentration of fusaric acid comparable to the 
amount detected in the infected corms. We conclude that fusaric acid is probably of 
significance in the Fusar/um-gladiolus interaction. 
HJM Lóffler, PC Remotti, MJ van Harmelen. In vivo and in vitro production of fusaric acid by 
Fusarium oxysporum f. sp. gladioli, the causal agent of corm-rot in Gladiolus, (to be 
submitted). 
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Introduction 
Gladiolus is an economically important ornamental crop that is cultivated world­
wide either as a cut flower or garden plant. During cultivation, gladiolus is exposed to a 
number of pathogens among which the soil-borne fungus Fusarium oxysporum 
Schlecht.: Fr. f. sp. gladioli (Mass.) Sny. and Han., which causes severe losses of spikes 
and corms [1-3]. Similar to other bulbous plants, the typical symptom caused by F. 
oxysporum in gladiolus is a soft rot, rather than wilting which is the predominate 
symptom for most other hosts [4]. 
The cultivation of Fusar/'um-resistant cultivars represents the most environmentally 
friendly control methods in use [5-7]. A number of cultivars bred for enhanced 
resistance to F. oxysporum is already available [8-12] but the assortment is limited and 
breeding efforts needs to continue. 
The exact pathogenesis of Fusarium in gladiolus is not known. Understanding the 
involvement of toxins in the disease development can be a valuable help for resistance 
breeding [13]. One of the metabolites produced by the pathogen, that may be involved 
in disease development is fusaric acid (5,n-butylpicolinic acid). Although many formae 
speciales of Fusarium produce this toxin either in vitro or in vivo [14], its role in 
pathogenesis is still controversial [14-17] and may vary between pathosystems [18]. The 
significance of fusaric acid has never been studied in any Fusarium rot disease but only 
in Fusarium wilt diseases. The objective of the current research was to investigate the 
role of fusaric acid in Fusarium rot of gladiolus. 
Material and methods 
Materials 
Commercially grown corms (14 cm in circumference) of cultivar 'Hunting Song' a 
large-flowering Fusan'um-susceptible gladiolus hybrid were used in all the experiments. 
Corms were stored at 4°C, until used. An aggressive isolate of Fusarium oxysporum f. 
sp. gladioli (Fog-15), belonging to race 1 [19] was used for the infections. The isolate 
was obtained from E.J.A. Roebroeck (LBO; Bulb Research Centre, Lisse, The 
Netherlands). Stock cultures, kept at -80°C, were transferred to Czapek Dox agar plates 
and grown in the dark at 23°C. 
Production of fusaric acid in vitro 
Three culture media were tested for their ability to induce the production of toxic 
compounds by the fungus: Czapek Dox (Oxoid), Richards' medium modified according 
to Dobson et al. (1966) and a low-nutrient medium, consisting of the following in g Γ : 
1.0; КН2Р04, 1.0; KN03, 0.5; MgSO„7H20, 0.5; KCl, 0.2; glucose and 0.2; sucrose. All 
media were supplemented with 25 mM sodium acetate. Acetate is a precursor in the 
fusaric acid biosynthesis, and may enhance its production in shake cultures [20]. All 
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media were autoclaved (20 min at 121°C; 138 kPa) before use. Two agar plugs 
containing mycelium of the fungus were transferred to 500-ml Erlenmeyer flasks with 
150 ml culture medium (three flasks per isolate). The flasks were placed in an orbital 
incubator at 100 rpm, in the dark at 23°C. At various intervals, two 10-ml aliquots were 
collected and filtrated through a 0.2 μπη filter (Sartorius). Culture filtrates were stored at 
-20°C. The presence of fusaric acid was analysed by HPLC equipped with a C18 
reversed phase Brownlee 5 μπη column (2.1 χ 220 mm). A 20 ml aliquot of culture 
filtrate was injected into the HPLC, the mobile phase was 2% MeOH H 3 P0 4 (7:3, v/v) 
at a flow rate of 0.5 ml min'1. The fusaric acid peak was detected at 270 nm using a UV 
detector. Pure fusaric acid (Sigma Chemical Co., St. Luis, MO) was used for a 
calibration curve. 
Production of fusaric acid in infected corms 
A conidial suspension of the pathogen was obtained by collecting conidia, mainly 
microconidia, of Fog-15 isolate grown for two weeks on Czapek Dox agar. The suspen­
sion was diluted with sterile distilled water to a concentration of 107 conidia ml ' 1 . 
Corms were dehusked, surface disinfected in 1 % NaOCI solution, containing one drop 
of Tween 20 per litre for 30 min and rinsed three times in sterile water. A diamond-
shaped needle dipped in the conidial suspension was used to pierce the corms in four 
places. Corms were then incubated in sterile 300-ml glass jars with 10 ml sterile tap 
water. Two jars with 3 corms each were incubated at 23°C in the dark. At weekly 
intervals the jars were checked and 5 ml water was added if needed. 
After 7 weeks, corms were fully overgrown by the fungus. The soft, heavily infected 
outer part, the 'peel', of the infected corms, was separated from the more massive core 
of the corm. For the extraction of fusaric acid, the peel, peeled corms or integral corms 
were freeze dried and ground in a mortar. Samples of 100 mg corm powder were 
suspended in 2 ml MeOH and shaken vigorously repetitively on a Vortex shaker for 30 
seconds at 5 min intervals during 30 min. To determine the recovery, fusaric acid was 
added in various concentrations (1-5 mmol g"1) to the powdered tissue. The pH was 
adjusted to 10 with 5% NH 4 OH, before centrifuging (5 min; 1500 rpm). The 
supernatant was loaded on prepacked extraction columns (Extrelut-3; Merck), rinsed 
with 20 ml hexane and eluted with 10 ml 5% N H 4 O H . Hexane was evaporated by 
aerating the solution with nitrogen, and the pH was adjusted to 6.5 with HCl (1 Ν). The 
final volume was determined by weighing the solution. Samples were filtered over a 0.2 
μπι filter and 20-μΙ aliquots were injected in the HPLC under the conditions previously 
described. The mobile phase was a methanolic solution of 0.45 m M Na2EDTA and 
0.12% H 3 P0 4 with a linear gradient of 20% to 70% MeOH in 15 min. The column was 
rinsed for 15 min with 70% MeOH, after each run. 
Alternatively, the amount of fusaric acid in infected tissue was determined by GC. 
The powdered corms were extracted with MeOH as described before and dried under a 
flow of nitrogen. The extracts were methylated with diazomethane [21], and after 5 
min, the excess of diazomethane was allowed to evaporate. The remaining residue was 
extracted three times with 5 ml hexane-ethylacetate (9:1) and the supernatants were 
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concentrated to 1 ml. Methylated samples were analysed by GC, using a 25 m CP Sil8 
column (ID 0.25 mm; Chrompack), the mobile phase was H2. The oven temperature 
was maintained at 150°C for 5 min, then increased with a gradient of 10°C min"' over 5 
min and maintained at 200°C for 7 min. The compounds were detected with a flame 
ionising detector at 300°C. The rate of recovery was determined by the addition of 
known amounts of fusaric acid before the extraction. All extractions were done in 
duplicate, and the experiments were repeated at least twice. 
For GC-MS analysis, 2 μΙ of the extract were analysed using a 30 m DB-5 column, 
following the protocol described before. The compounds were detected with a mass 
spectrometer (J&W, Scientific). 
Toxicity of fusaric acid for corm tissue 
Dehusked corms were punched with a cork bore, 5 mm diameter, and the resulting 
tissue cylinders were sliced in segments of 1-2 mm thick. Ten slices were incubated in 
20 ml TRIS-HCL buffer (100 mM, pH 7.0) at 25°C for 24 hours. Different amounts of 
fusaric acid were added to the buffer (0; 0.5; 1; 2.5; 5 and 10 mM FA), all treatments 
were done in duplicate. Respiration rate was measured by transferring the slices 24 
hours to a thermostated cuvette (25°C) filled with fresh buffer saturated with 0 2 , 
without fusaric acid. The uptake of 0 2 was recorded over 5 min with a selective 0 2 
electrode (Clark) and expressed as mmol 0 2 g"' min"' (fresh weight tissue). Corm slices, 
incubated 24 hours in TRIS-HCI buffer (100 mM, pH 7.0) with 1 mM FA were dried on 
a filter paper, frozen and lyophilised to determine the amount of fusaric acid adsorbed. 
The concentration of fusaric acid in the extract was measured with HPLC as previously 
described. The amount of fusaric acid (FA) in incubated tissue was expressed as μητιοΙ 
FA g"' (dry weight). 
Results 
Production of fusaric acid in vitro 
HPLC analyses of the culture filtrate of Fusarium oxysporum showed that the fungus 
produced fusaric acid readily in vitro. Standard addition of fusaric acid to the culture 
filtrate confirmed the nature of the fusaric acid peak in the HPLC-spectrum. The amount 
of fusaric acid produced in the liquid cultures was depending on the medium used (Fig. 
4.1). In Richards' medium, fusaric acid production started directly after culture onset 
and reached a maximum of 0.08 mM after one week. However, after 4 weeks no fusaric 
acid could be detected in the culture broth (Fig. 4.1). In Czapek Dox, the production of 
fusaric acid started two weeks after culture onset and increased constantly to levels 
twice as high as those reached in Richards' medium. In the low-nutrient medium, no or 
very little fusaric acid was formed. In the low-nutrient medium the growth of the fungus 
was retarded, while in the Czapek Dox and the Richard medium the isolate grew 
copiously. 
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Figure 4.1 Production of fusaric acid by Fog-15 isolate in various culture media, Czapek 
Dox (CD), Richard (R) and a low-nutrient medium (LN). 
Production of fusaric acid in pianta 
Fusaric acid could be extracted from infected tissue of gladiolus, as shown by HPLC 
and GC analyses (Fig. 4.2 A, B). In both spectra, the nature of the putative fusaric acid 
peak was confirmed by an increase of the peak response after pure addition of fusaric 
acid. Mass spectrometry was used to further analyse the putative fusaric acid peak of 
the GC profile (Fig. 4.3). The recovery of fusaric acid was calculated for each separate 
experiment, by standard addition of fusaric acid before the extractions. Recovery of 
fusaric acid varied from 40% to 80% between the different experiments, based on the 
use of different batches. Variation of fusaric acid recovery within an experiment was 
assessed. This was accomplished by adding different concentrations of FA to the dry 
corm tissue. The recovery within experiments, using the same batch, was stable, as 
shown by the good fit of the regression curves (Fig. 4.4). For the entire corms measured 
either by GC or HPLC the regression factors were R2=0.90 and R2=0.92. For the outer 
part and the inner part. The factors were R2=0.81 and R2=0.95 respectively. In various 
experiments, infected corm tissue contained 2.5 to 3 μπηοΙ FA g'1 (dry weight), 
according to both GC and HPLC analyses (Fig. 4.4 A, B). The peel was heavily invaded 
by the fungus, but contained less fusaric acid (1.5 pmol g"1, Fig. 4.4 C) than the 
complete corm (3.0 μπιοΙ g"'). The core of the peeled corm was only slightly infected 
but contained higher levels of fusaric acid (3.5 pmol g ' , Fig. 4.4 D). 
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Figure 4.2 Analyses of an extract of gladiolus corm tissue, infected with F. oxysporum 
f.sp. gladioli: (A) HPLC spectrum. (B) GC spectrum. 
48 
< 
91 92 
I / " 55 · 
, ιΙιΙ,Ι,,ιΙ, .il 
/ 
Ч'І125 
162 
150 \ 
Τ 
160 200 W 80 100 Ilo I JÓ" '" 
Mass/Charge 
180 
Figure 4.3 GC-MS spectrum of the putative fusaric acid peak from the GC analysis. 
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Figure 4.4 Fusaric acid recovered in gladiolus corms extract with or without addition of 
pure fusaric acid. The internal fusaric acid concentration is calculated by extrapolation 
of the regression curves obtained with standard addition. (A) extract of a whole infected 
corm, analysed with GC. (B) a similar extract, analysed with HPLC. (C) extract of the 
outer, heavily infected layer of the corm, analysed with HPLC, and (D) extract of the 
inner, lightly infected part of the corm, analysed with HPLC. 
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Toxicity of fusaric acid for corm 
tissue 
The respiration of slices of corm 
tissue after 24 hours was significantly 
lower in 1 mM FA solutions than the 
control solution. Respiration at high 
fusaric acid concentrations was more 
inhibited (Fig. 4.5). The toxic effect 
of fusaric acid was not immediate. A 
reduced respiration occurred, 2 hours 
after incubation in 5 or 10 mM FA 
solutions. Slices, incubated in 1 mM 
FA, were extracted and 0.7 mmol FA 
g'1 (fresh weight) corresponding to 
4.9 μπιοΙ FA g'1 (dry weight) were 
detected. 
Figure 4.4 Respiration of slices of gladiolus corm tissue incubated in a TRIS-HCL buffer 
supplemented with fusaric acid (0, 0.1, 0.25, 5, 10 mM) at pH 7 for 24 hours. 
Discussion 
Fusarium oxysporum f.sp. gladioli produced fusaric acid in different liquid media 
tested as well as in planta. Production of fusaric acid in vitro has been described for 
other formae speciales of the fungus [15,17,20,22]. The production depended largely on 
the medium used [15,20,24,25], since production of the toxin is greatly influenced by 
the presence or absence of elements such as Zn or Fe ions [17]. As the production in 
vitro does not predict the ability to produce fusaric acid during the infection process, to 
determine its possible involvement in disease development, the production has to be 
studied in planta, as theorised by Drysdale [14]. 
HPLC and GC analyses showed that fusaric acid accumulated in the infected corms 
(Fig. 4.2 A, B). Though both methods gave comparable responses, the resolution of the 
GC spectrum was better. The additional purification step, necessary for the HPLC 
analysis, could not increase the quality of the spectrum. The performance of the HPLC 
analysis compared to GC analyses was easier, since no derivatisation of the extract was 
necessary. The GC-MS spectrum ultimately confirmed that the putative fusaric acid 
peak was indeed due to the presence of fusaric acid in the extract. The mass spectrum 
coincided with that of pure fusaric acid [23]. Furthermore, the standard addition of 
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fusaric acid increased significantly the response of the fusaric acid peak only, in both 
GC and HPLC spectra. 
During the experiments different batches of infected corms were used and the 
recovery varied consistently, hindering a quantitative analysis. Since standard amounts 
of fusaric acid were always added, the dependency of the recovery of the fusaric acid 
concentration was eliminated. Within an experimental batch the recovery of fusaric 
acid was similar, as demonstrated by the good-fit of regression. The amount of fusaric 
acid could be accurately estimated by extrapolating the regression lines. The 2.5-3 
mmol FA detected in the diseased tissue of gladiolus is a considerably greater amount of 
toxin, than reported in soybean [22] and in watermelon seedlings [18], however for 
these seedlings the dry weight is not reported and therefore a direct comparison 
between the current data is not possible. Davis [18] indicated that the fusaric acid 
production in other crops was even lower than that reported in watermelon. Therefore, 
in this study fusaric acid appeared to be produced in larger quantities and may have a 
more significant role in the Fusarium-юХ. of gladiolus than in wilting plant pathogen 
interactions. 
Rot symptoms indicate that the interaction between pathogen and host is less 
delicate than in wilt-diseases, caused by other formae of Fusarium. The rotting of the 
corm may be caused by a combination of enzymes and toxins, that prepared the way 
for fungal invasion. Baayen, working with Fusarium oxysporum f.sp. //7/7 and its host, 
draw similar conclusions. In histological studies of lily, he observed how cells died 
even if not in physical contact with the hyphal tips of the pathogen (personal 
communication). In the current research, the outer part of the corm, which was 
overgrown by the fungus, did not contain a greater amount of fusaric acid than the core 
or the whole corm. This indicates that there is no relation between fungal presence and 
toxin presence in the infected tissues, suggesting that fusaric acid is produced by the 
fungus and accumulated in the non-infected tissue. An other hypothesis is that the toxin 
breakdown in heavily infected tissue may be caused actively by the host plant [17] or to 
spontaneous degradation. A similar decrease of fusaric acid has been observed also in 
Richards' medium after three weeks of culture. 
The specificity of the interaction between Fusarium and Gladiolus cannot be based 
on the production of fusaric acid in vitro alone. Many other formae speciales and 
saprophytic Fusarium isolates produce fusaric acid, but are not pathogenic to gladiolus. 
Although not a primary disease determinant, fusaric acid may still be essential for 
pathogenesis, that fusaric acid insensitivity of gladiolus genotypes may result in 
Fusarium resistance. This hypothesis was supported by the positive correlation found 
between sensitivity for fusaric acid and Fusarium susceptibility of a number of gladiolus 
genotypes tested [25]. 
Fusaric acid has a toxic effect also on bacteria and mammals[26]. In Zea mays the 
primary effect of fusaric acid is the inhibition of the cytochrome oxidase activity, with 
secondary effects like decreased respiration [27]. Respiration of corm tissue of gladiolus 
was likewise inhibited in the presence of 1 mM FA. Growth of callus was inhibited at a 
5-fold lower concentration [25]. The observed amount of fusaric acid in the bio-assay 
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(4.9 μηηοΙ FA) was of the same order as that recovered from infected tissue. This level is 
probably high enough to exert toxic effects. 
There are indications that the toxin may be distributed unequally in the analysed 
tissue and the resulting concentrations measured might thus be even higher. Since the 
fungal invasion proceeds from the corm outside to the inside, and the toxin is 
progressively broken down, a gradient of the toxin level is likely to occur. 
Understanding the dynamics of the fungal and toxin distribution within the infected 
corm is necessary to falsify or confirm this theory. 
From this research we concluded that fusaric acid plays a role in pathogenesis of 
corm-rot. However, more decisive answers on the role of fusaric acid may be obtained 
by comparing the aggressiveness of fungal isolates to their ability to produce fusaric 
acid in planta and by comparing the Fusarium resistance of isogenic gladiolus 
genotypes differing in their fusaric acid sensitivity. 
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Chapter 5 
Fusaric acid a factor in Fusarium corm-rot of Gladiolus! 
Summary 
The relation between aggressiveness of different isolates of Fusarium oxysporum f.sp. 
gladioli and their ability to produce fusaric acid in vitro and in planta were studied. 
Aggressive isolates, tested in a greenhouse experiment, reduced plant length and 
induced corm rotting. Non-aggressive isolates caused only limited necrosis on the corm. 
In a controlled in vitro test, corms were artificially infected with the same aggressive 
isolates, who readily overgrew them. However, non aggressive isolates caused only a 
limited necrosis around the infection site. Infection rate was assessed visually by a semi-
quantitative disease score. The amount of fungal tissue in the infected corms was 
assessed by measuring the ergosterol content. A highly significant correlation was found 
between disease score and ergosterol levels. In addition, the amount of fusaric acid in 
the infected corms was determined by GC analysis. The amount of fusaric acid 
extracted from the corms was proportional to the disease symptoms observed either in 
the greenhouse or in the vitro test. When comparing the amount of fusaric acid 
produced in planta per fungal unit with the observed symptoms, no correlation was 
found. Similarly, no relation between in vitro production of fusaric acid and the 
aggressiveness of the isolates could be found. We concluded that the complex role 
played by fusaric acid in the corm-rot of gladiolus still needs to be further defined. 
PC Remotti, MJ van Harmelen, JR Mouris, HJM Löffler. Fusaric acid a factor in Fusarium corm-
rot of Gladiolus! (to be submitted). 
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Introduction 
In plant pathology understanding the role of toxins produced by certain pathogens is 
required to comprehend the interaction between host and disease causing pathogen. 
Some toxins have been characterised and found to be responsible for disease 
development in host plants. These toxins are defined as host-specific toxins [1 ]. Several 
pathogenic fungi and bacteria have been reported to produce host-specific toxins, 
among which Helmintosporium spp., Alternaría spp. and Pseudomonas spp.[1 ]. 
However, most toxins produced by micro-organisms have a unclear role in plant 
pathogenesis. Nevertheless, such non-specific toxins may play a role as disease determi-
nants. Fusaric acid, 5,n-butylpicolinic acid, is considered a non-specific toxin [2,3] and 
is produced by a wide range of pathogens belonging to the genus Fusarium [2]. 
Fusaric acid binds to cell walls [4] and causes damage to cell membrane and 
decreases the ATP level [5,6]. Furthermore, the toxin reduces the activity of phenol and 
polyphenol oxidase, thereby interfering with the plant defence mechanisms [7]. The 
role of fusaric acid in plant pathogenesis has not been fully elucidated [2,8] and it may 
vary between different plant-pathogen combinations as suggested by Davis [9]. Earlier 
experiments indicated that fusaric acid may play a role in the Fusar/um-gladiolus 
interaction [10]. In this crop, like in other bulbous plants such as daffodils [11] lily and 
tulip [12], the fungus causes rotting, rather than wilting. From corm tissue of a heavily 
infected gladiolus cultivar fusaric was extracted in the ranges of 2.5 to 3 μπιοΙ g'1 (dry 
weight tissueXChapter 4). This concentration was sufficient to reduce cell respiration. 
Furthermore, genotypes that were found to be resistant to Fusarium were also found to 
be insensitive for the toxin [10]. However, there is still no convincing proof for the role 
of fusaric acid as a pathogenicity factor. Therefore, we followed Drysdales' [2] sugges­
tion, to study the correlation between aggressiveness of isolates and their ability to 
produce toxin in vitro, or preferably, in planta. 
Materials and Methods 
Materials 
Commercially grown corms, of cultivar 'Peter Pears' (14 cm in circumference), a 
Gladiolus χ grandiflorus hybrid, susceptible to corm rot caused by Fusarium oxysporum 
f.sp. gladioli (Mass.) Sny. and Han., stored at 4°C until use, were used in all 
experiments. A total of 18 isolates of F. oxysporum were utilised for the experiments 
among which 13 isolates of F. oxysporum f.sp. gladioli (Fog), two isolates of f.sp. //7/7 
(Fol) and three isolates of f.sp. lini (Fof). The isolates of Fog belonged all to race 1 
(pathogenic to large flowering gladioli [13]) and were randomly chosen in regard to 
their aggressiveness (Table 5.1). Isolates of Tog, Fol and Fof were provided by E.J.A. 
Roebroek (LBO; Bulb Research Centre, Lisse, The Netherlands), G. Bollen (Wageningen 
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Agricultural University, The Netherlands) and G.M.L.W. Kroes (CPRO-DLO; Centre for 
Plant Breeding and Reproduction Research, Wageningen, The Netherlands). Stock 
cultures were kept for long time preservation at -80°C on Protect Bacterial Preservers 
(Technical Service Consultants LTD, UK). Before use, stock cultures were grown on 
Czapek Dox agar in the dark at 24°C. 
Table 5.1 Aggressiveness and origin of the isolates of F. oxysporum f. sp. gladioli (Fog), 
f. sp. //7/7 (Fol) and f.sp. lini (Fof) used for the experiments. 
Isolate 
Fog-2 
Fog-7 
Fog-11 
Fog-13 
Fog-15 
Fog-20 
Fog-21 
Fog-22 
Fog-34 
Fog-57 
Fog-63 
Fog-70 
Fog-76 
Fol-4 
Fol-11 
Fof-1 
Fof-2 
Fof-3 
Aggressive-
ness for 
gladiolus 
++ 
++ 
+ 
± 
++ 
+ 
++ 
-
++ 
++ 
++ 
++ 
+ 
-
--
~ 
~ 
-
Host 
Gladiolus 
Iris 
Gladiolus 
Gladiolus 
Gladiolus 
Gladiolus 
Gladiolus 
Gladiolus 
Gladiolus 
Gladiolus 
Gladiolus 
Gladiolus 
Gladiolus 
Lily (Asiatic hybrid) 
Lily (Asiatic hybrid) 
Flax 
Flax 
Flax 
Cultivar or Species 
(if known) 
-
Prof. Blauw 
Hunting Song 
G. illincus 
G. byzantinus 
Hunting Song 
Peter Pears 
Peter Pears 
Electra 
-
-
-
Amsterdam 
Ester 
Pirate 
-
-
-
Place of Origin 
The Netherlands 
The Netherlands 
The Netherlands 
The Netherlands 
The Netherlands 
The Netherlands 
The Netherlands 
The Netherlands 
Czechoslovakia 
United States 
Australia 
United States 
Italy 
The Netherlands 
The Netherlands 
Argentina 
Argentina 
The Netherlands 
* aggressiveness according to Roebroek and Mes [13], ++ very aggressive; + 
aggressive; ± moderately aggressive; - not aggressive, - unknown. 
Aggressiveness test in the greenhouse 
The 18 isolates were tested for their aggressiveness to gladiolus in a controlled 
greenhouse experiment. The fungi were grown in 100 ml jars containing 30 gram sterile 
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oatmeal-soil mixture (1:5, w/w; autoclaved twice for 2 h at 121°C) for three weeks at 
24°C in the dark. Soil was infested by mixing 20 kg of commercial potting soil with 
0.1% ground, fully grown inoculum. For each isolate, three 10-litre pots were filled. 
The number of propagules in each pot was counted after two weeks [14]. Corms were 
manually dehusked and three corms per pot were planted at 5-7 cm depth. Three 
control pots with not infected pot soil were included in the experiment. The pots were 
placed in random blocks so that every block contained one pot of each isolate plus a 
control pot. All pots were placed in a conditioned greenhouse at 20-23°C under natural 
light conditions. Plant height was assessed 8 weeks after planting, by measuring the 
longest leaf of each plant. Relative plant length was determined, considering the control 
plants as standard. One week later, the plants were lifted and the mother-corms were 
inspected for necrosis and disease symptoms. A quantitative disease score (DS) 
evaluation scale ranging from 0 to 5 was used to quantify disease symptoms (0: healthy; 
1-4: 5-10%, 15-25%, 30-50%, 60-90% necrotic areas or rot on the corm surface 
respectively; 5: completely rotten). The average disease index per pot was calculated. 
Aggressiveness test in vitro 
The 18 isolates were applied in a controlled inoculation of 'Peter Pears' corms 
according to Löffler et al. [15]. For each isolate plus a water-control, six corms were 
dehusked and rinsed under running tap water for 30 min to remove residues of the 
husks. From all corms, remainders of the mother corm and the old roots were removed 
with a scalpel to remove as much as possible latent Pénicillium infections. Corms were 
surface-sterilised with 80% ethanol for 1 min, rinsed with tap water, subsequently 
immersed in 2% NaOCI for 30 min and rinsed three times in sterile water. A conidial 
suspension of each isolate was obtained by collecting the conidia from Czapek-Dox 
agar medium. The conidial suspensions were diluted with sterile distilled water to 5*105 
conidia per ml. 
The upper part of each corm was pierced four times with a diamond-shaped needle. 
The needle was previously immersed in the freshly prepared conidial suspension. For 
each isolate, three jars were filled, with two corms each, and incubated at 24°C with 15 
ml of sterile water. The corms were not wetted directly, thereby avoiding to wash off 
conidia. About 5-10 ml of water were maintained on the bottom of the jar during the 
whole experiment, to provide humidity and promote root development. After 8 weeks, 
the mycelial growth and the extension of necrosis were rated with the same disease 
score as used in the greenhouse test. 
Extraction and measurement of ergosterol in infected corms 
Corms were prepared for ergosterol and fusaric acid extraction. Shoots were broken 
off and all roots were removed, before freezing the corms individually. Each corm was 
lyophilised, blended in a mortar and stored at -20°C until use. A sample of 100 mg (dry 
weight) powdered corm-tissue was saponified (30 min; 80°C) in 20% methanolic KOH 
(w/v). Each corm was analysed in duplicate. Saponified sterols were extracted with 1.8 
ml of water and 3 χ 3.8 ml hexane. The upper hexane phase was dried stepwise at 35°C 
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under a flow of nitrogen, and the residue was resuspended in 1 ml MeOH. The solution 
was analysed by HPLC (model 2248; Pharmacia) equipped with a CI 8 reversed phase 
Suppress 5 mm column (4 χ 100 mm). The mobile phase was M e O H - H 2 0 (97:3) at a 
flow rate of 0.4 ml min'1. The sterols were detected at 282 nm using an UV-detector 
(RDS; Pharmacia). 
Extraction and measurement offusaric acid in infected corms 
For each corm, two samples of 250 mg corm-powder were suspended in 5 ml 
methanol adjusted to pH 10 with 5% N H 4 O H . After a 30 min extraction under constant 
agitation, samples were centrifuged at 1500 rpm for 5 min at 4°C, and the methanol-
extract was dried under nitrogen. This procedure was repeated a second time so that 
every sample was extracted twice. The residue was methylated with 0.2 ml of 
diazomethan [16]. After 5 min, the excess of diazomethan was allowed to evaporate. 
The residue was extracted three times with 5 ml hexane-ethyl acetate (9:1) and the 
supernatant was concentrated to 1 ml under a flow of nitrogen. One mg of fusaric acid 
(Sigma Chemical Co., St. Luis, MO) was methylated as described above and used as an 
external standard. Methylated samples were analysed by GC using a 25 m CP Sil 8 
column (ID 0.25 mm, Chrompack); mobile phase was H 2 and compounds were de­
tected by flame ionising detector at 300°C. The oven temperature was maintained at 
150°C for 5 min, then increased with a gradient of 10°C min'1 over 5 min, and 
maintained at 200°C for 7 min. The recovery was determined by adding known 
amounts of fusaric acid to the corm powder before the extraction. 
In vitro production of fusaric acid 
A conidial suspension was prepared as described previously. One ml of the 
suspension was pipetted into 250-ml Erlenmeyer flasks, with 100 ml of freshly prepared, 
autoclaved, liquid Czapek Dox medium (3 flasks per isolate). All flasks were placed on 
a gyratory shaker at 80 rpm, and kept in darkness at 24°C. At regular intervals, two 1-ml 
samples were collected from each flask, filter-sterilised and sealed in a 2 ml HPLC vial. 
Fusaric acid in the culture filtrate was analysed by HPLC equipped with ODS 3 mm 
column (6 χ 160 mm; Column Engineering). Methanol-water (2:3) at a flow rate of 0.4 
ml min"1 was used as a mobile phase. Detection wave length was 270 nm. 
Results 
Aggressiveness test in the greenhouse 
Two weeks after soil inoculation, per gram soil 2-4 IO4 propagules were counted for 
all isolates. After a period of 2-3 weeks all plants emerged. The shoots of the plants co-
cultivated with the isolates Fog-7 and Fog-63 already showed yellowing symptoms 4 
weeks after planting. Nine weeks after planting most of the plants of the control and 
those infected with Fof, Fol and low aggressive isolates started to flower, while the other 
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Figure 5.1 Gladiolus corms of 'Peter Pears' infected by isolates of Fusarium oxysporum 
f. sp. gladioli differing in aggressiveness (Fog-63, Fog-57, Fog-20 and Fog-76) and 
control. (A) Corms from the greenhouse experiment. (B) Corms from the in vitro 
experiment. 
plants were notably retarded in their growth. Significant differences in the relative plant 
length were visible 8 weeks after planting (Table 5.2). Plants co-cultivated with Fog-7 
were dead 8 weeks after planting. The lifted corms presented distinct symptoms on the 
corm surface as rotting or necrosis, which were related to the aggressiveness of the 
isolates. Aggressive isolates produced extensive necrosis and rotting of the corms, while 
less aggressive isolates caused only limited necrosis (Fig. 5.1 A). Relative plant length 
and disease score of the infected corms correlated well (R=-0.899). 
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Aggressiveness test in vitro 
Corms infected with aggressive isolates of Fog were rapidly overgrown by the 
mycelium, whereas the corms wounded and infected with low aggressive isolates of 
Fog showed little mycelial growth and only limited necrosis. Similarly, no extended 
symptoms were observed on corms incubated with Fof or Fol (Fig. 5.1 B). The control 
corms had minor Pénicillium growth, restricted to small areas of the basal plate. Data 
comparison of this experiment to the data-sets of the greenhouse experiment showed 
highly significant correlations between both the disease score of the greenhouse test (R= 
0.920)(Fig. 5.2 A), and the relative plant length of the plants grown in the greenhouse 
(R=-0.823). 
Extraction and measurement ofergosterol in infected corms 
The measurement of this fungal steroid was so sensitive that a limited infection of 
Pénicillium on the control corms could be detected. The amount of ergosterol detected 
on some of the control corms was negligible (2 pg) compared to the total amount 
detected in the infected corms (Table 5.2). From corms where the fungus did not 
produce evident mycelium and only necrotic spots were observed on the corm surface, 
6-14 mg of ergosterol were extracted. This indicated that only slight amounts of fungus 
were present. The amount of ergosterol extracted from the infected corms corresponded 
to the disease score of the in vitro infection (R=0.843)(Fig. 5.2 B), as well as to the 
disease score data of the greenhouse experiment (R=0.797). 
Extraction and measurement of fusaric acid in infected corms 
Repeated extractions, in all experiments, could not increase the recovery of fusaric 
acid over 50%, as measured with standard addition of fusaric acid. In corms that had a 
slight fungal infection, no or little fusaric acid was detected in the extract (Table 5.2). 
The amount of toxin extracted from heavily infected corms correlated moderately 
(R=0.597, p=0.038) with the disease score of the in vitro experiment (Fig. 5.2 C). The 
amount of fusaric acid was corrected for the amount of fungus present by calculating 
the fusaric acid produced per mg ergosterol. The obtained 'fusaric acid per unit fungus' 
was not positively, but even to some extent negatively correlated with the aggressive-
ness of the isolates as expressed by the in vitro disease score (R=-0.646)(Fig. 5.2 D). 
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Table 5.2 Average disease scores from gladiolus corms grown in Fusarium infested soil 
in the greenhouse experiment (DS-G), the relative plant length, assessed in the green­
house after θ weeks (RL-G), the disease scores from the in vitro infection, evaluated 
after 8 weeks (DS-V), the amount of ergosterol per gram dry weight corm tissue (ER-V), 
the amount of fusaric acid per gram dry weight corm tissue (FA-V) and fusaric acid 
content detected in the culture filtrate 15 days after culture onset (FA). 
Isolate 
Control 
Fog-22 
Fol-11 
Fol-4 
Fof-2 
Fof-3 
Fof-1 
Fog-13 
Fog-20 
Fog-76 
Fog-15 
Fog-11 
Fog-2 
Fog-57 
Fog-70 
Fog-34 
Fog-7 
Fog-63 
Fog-21 
LSD cos 
DS-G 
0.0 a' 
0.0 a 
0.0 a 
0.0 a 
0.0 a 
0.2 a 
0.2 a 
0.5 b 
1.5 c 
1.5 c 
3.0 d 
3.3 de 
3.7 e 
3.7 e 
4.2 f 
4.3 fg 
4.3 fg 
4.8 g 
4.8 g 
0.53 
RL-G 
[%] 
100 bc' 
107 b 
105 b 
119a 
105 b 
101 bc 
103 bc 
102 bc 
100 bc 
92 cd 
79 e 
81 de 
78 e 
71 e 
77 e 
28 h 
41 fg 
49 f 
33 gh 
12.0 
DS-V 
0.5 a' 
1.3 b 
1.0a 
1.7 b 
1.0a 
1.7b 
1.0a 
3.6 c 
1.7b 
1.0a 
4.0 c 
4.7 d 
4.7 d 
4.7 d 
4.0 c 
5.0 d 
5.0 d 
5.0 d 
5.0 d 
0.64 
ER-V 
[mg g Ί 
0.002 a ' 
0.006 a 
0.006 a 
0.009 a 
0.015 a 
0.011 a 
0.014 a 
0.688 ab 
0.094 a 
0.011 a 
1.034 b 
2.970 cd 
1.302 b 
2.270 с 
0.839 b 
3.093 d 
4.094 e 
5.108 f 
2.598 с 
0.812 
FA-V 
[μπιοΙ g"1] 
0.000 a' 
n.d. 
n.d. 
n.d. 
n.d. 
n.d. 
n.d. 
0.066 ab 
0.056 ab 
n.d. 
0.374 bd 
0.270 ac 
0.198 ac 
0.056 a 
0.286 ac 
0.450 cd 
0.682 d 
0.400 cd 
0.264 ас 
0.320 
FA 
[mM] 
0.000 а ' 
0.013 а 
1.236 ас 
0.021 а 
3.359 de 
5.900 fg 
2.399 cd 
7.943 g 
0.879 ас 
4.775 ef 
0.706 ас 
0.015 a 
0.607 ас 
0.262 ab 
0.966 ас 
1.712 ad 
2.093 bd 
0.942 ас 
2.091 bd 
2.058 
* - Values in column followed by unlike letters are significantly different at Ρ S 0.05 
according to LSD test; n.d. - not detected. 
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Figure 5.2. Correlations between the data-set of the disease score of the in vitro 
infection and different other experiments. The disease score in the greenhouse 
experiment (A); The ergosterol measurement from corms infected in vitro (B); The 
fusaric acid detected in planta (С); The amount of fusaric acid detected per fungal in 
planta (D). 
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In vitro production of f usane acid 
The production of fusaric acid in the shaking cultures of the Fusarium isolates varied 
extensively (Table 5.2). Isolates Fog-7, Fog-13, Fog-21, Fog-76 and all Fof isolates 
produced up to 7.7 mM fusaric acid, whereas, Fog-22, Fog-57 and Fol-4 produced very 
low amounts (7-128 μΜ). No correlation was found between the fusaric acid detected 
in the fungal broth and the fusaric acid detected in the infected corms. Similarly no 
correlation with the disease scores of the green-house or the vitro experiments were 
found. 
Discussion 
The isolates tested in the greenhouse experiment differed in aggressiveness accord­
ing to both corm-rot symptoms and relative plant length. Only those isolates that 
originated from gladiolus or iris were able to infect the corms. McClellan in 1945 
showed [17] already that isolates of F. oxysporum f. sp. gladioli were able to infect 
different members of the Iridaceae family. Therefore it is no surprise that the iris isolate 
was pathogenic for Gladiolus. Although some small necrosis was observed, no defined 
reaction occurred when other formae speciales were used. Löffler and Mouris [18] 
showed that cross infection is possible. They could cross inoculate lily cultivars with 
isolates off. sp. gladioli. In a similar experiment, Davis [9] succeeded in cross inoculat-
ing seedlings of tomato, carnation and flax with F. oxysporum f. sp. lycopersici, f. sp. 
niveum, f. sp. lini and f. sp. conglutinans. 
The isolates of Fog differed widely in aggressiveness for 'Peter Pears'. This cultivar is 
known to be quite susceptible to corm-rot [19]. The ability to colonise and cause 
damage on corms of 'Peter Pears' was assessed by measuring either the plant length or 
the disease symptoms on the corms. Since the measure of the length reduction and the 
disease score correlated well, both parameters could be used indistinguishably to 
ascertain the aggressiveness of the isolates. A similar correlation was observed by Löffler 
et al. [14]. It is concluded that relative plant length and the disease score of the corms 
cultivated in infected soil could be regarded as good parameters for the quantification 
of the aggressiveness of Fusarium isolates. 
The aggressiveness of the different isolates as determined in the greenhouse 
experiment correlated strongly with the results from the greenhouse infection. Only 
isolate Fog-13 exhibited a strong divergent behaviour and proved to be more aggressive 
in the in vitro test than in the greenhouse test. 
The results indicate that infection in a controlled in vitro environment proceeded 
similarly as in the greenhouse experiments. So a controlled in vitro experiment is an 
alternative to greenhouse experiments. Similar methods of controlled corm-infeclions 
which were meant to limit environmental influence during invasion or the interaction of 
other soil-borne organisms have been developed and described [15,19,20]. 
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To compare the disease score to the actual growth of the fungus in corm tissue, 
ergosterol was extracted. This sterol, not present in plant tissue, is produced only by the 
fungus [21,22] and can be used to quantify the fungal mass present in the infected plant 
[23]. Total fungal mass correlated strongly with the disease score in the in vitro 
infection experiment. This showed that the visual assessment is reliable method. 
Fusaric acid production in vitro did not correlate with the aggressiveness of the 
isolates measured in the in vitro or in the greenhouse experiment. In liquid Czapek Dox 
medium, some low aggressive isolates produced considerable amounts of fusaric acid, 
whereas some high aggressive isolates did not produce significant amounts of toxin. 
Although a positive correlation between aggressiveness and the in vitro production of 
fusaric acid is reported by some groups [9,24,25], others [3,26] could not confirm this. 
The variability observed could have been influenced by the artificial medium 
composition. Fusaric acid production in liquid media is influenced by the presence of 
Zn ions [25], and only a C/N ralio of 5:1 has been considered optimal for the in vitro 
production of this metabolite [3] Since Czapek Dox medium does not contain any 
source of Zn, ions some isolates could be favoured in respect to others. Due to the 
dramatic medium effects Drysdale [2] recommended that the ability to produce fusaric 
acid preferably should be studied in planta, inside the host tissue. 
To better understand the relationship between the aggressiveness of the isolates and 
their ability to produce fusaric acid in planta, we calculated the amount of fusaric acid 
produced per unit fungus. This data set was shown not to correlate with the disease 
score of the in vitro test. No indications of a relation between aggressiveness of isolates 
and the ability to produce fusaric acid was found. Therefore, no indications were found 
that the aggressiveness of the isolates may be due to their ability to produce the toxin 
were found, and no supporting evidence for the role of this toxin in the Gladiolus-
Fusarium interaction can be determinated. 
It is known from previous reports that fusaric acid is readily broken down in planta 
and converted into non or less toxic compounds [27]. In crystalline form, fusaric acid 
also degrades at ambient temperatures losing its toxicity. Previous experiments (Chapter 
4) showed that the amount of toxin that could be recovered from the peripheral part of 
the infected corm was less than the amount extracted from the internal core. This 
supports our hypothesis that fusaric acid is degraded at the infection site while fusaric 
acid may precede the fungal expansion preconditioning the tissues. This may explain 
why there is no positive correlation between the disease score and the toxin produced 
per fungal unit. The fusaric acid content of a plant organ reflects the local toxin 
concentration present at the moment of the analysis the net result of synthesis and 
breakdown. Since fusaric acid inhibits polyphenoloxidase and peroxidase [28] and 
causes changes in the cell membrane permeability [7], it could be compared to a 
battering ram, with the function to overcome the plant defence mechanisms, enabling 
the pathogen to colonise new tissue. Although, no conclusive evidence about the role 
of fusaric acid in disease development has been obtained, indications have been found 
for the local and temporal role of fusaric acid in preparing the way for fungal infection. 
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The question about the role of fusaric acid in the pathogenesis of corm-rot of Gladiolus, 
therefore, is still open. 
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Chapter 6 
Primary and secondary embryogenesis from cell suspension cultures of 
Gladiolus 
Summary 
Cell suspension cultures were established from friable embryogénie callus isolated 
from cormel slices of Gladiolus χ grandiflorus cv. 'Peter Pears'. The suspension, initially 
composed of single cells, was well dispersed and fast growing. Plants could be easily 
regenerated from cell derived callus once plated on solid medium. During the 
regeneration process, two different pathways of embryogenesis were observed: a 
primary and a secondary. The type of embryogénie response was depending on the 
morphology of the suspension cells and the hormonal balance during the regeneration 
process. Primary embryo development was observed on media with zeatin or with 0.25 
μΜ n-benzyladenine (BA). Other tested combinations of plant growth regulators or 
higher BA concentrations in the regeneration media induced secondary embryos on 
previously formed immature primary embryos. Histological studies showed that 
secondary embryos had a well defined suspensor and a small coleoptile. Among the 
regenerated plantlets some albino shoots were recovered, this gives the evidence that 
the in vitro culture may induce a certain degree of somaclonal variation 
PC Remotti. Primary and secondary embryogenesis from cell suspension cultures of Gladiolus. Plant 
Science 1995 107:205-214. 
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Introduction 
Application of various technologies for plant breeding purposes, like protoplast and 
cytoplast fusion, organelle transfer, in-vitro selection and some molecular techniques rely on 
the availability of cell suspension cultures which maintain their regeneration potential. These 
cell suspension cultures can be started either from compact or from friable callus. Friable 
callus, often defined as type II [1], being soft and highly embryogénie, is regarded as the best 
source for initiating a fast growing suspension culture. When plant regeneration occurs via 
somatic embryogenesis it has several advantages, such as the probable single cell origin of 
the regenerated plants and the high rate of plants regenerated, even from long-term cultures 
[2]. These capacities can be exploited for in vitro selection experiments. The final success of 
any selection protocol using single cell or small cell aggregates is based on regenerating [ron-
chimene plants from cell lines with the desired traits [3]. 
In recent times, there has been considerable progress in establishing cell suspensions from 
monocotyledons, once known to be recalcitrant for in vitro culture. There are many reports 
on regeneration from cell suspension of cereals [4-7] and grasses [8-12] but less attention has 
been given to monocotyledonous ornamentals. Only a few reports exist about cell 
suspension cultures of Liliaceae [13-17] or Amaryllidaceae [18], which include several 
ornamental bulbs. Kamo et al. [18] started a regenerable cell suspension of Gladiolus cv. 
'Peter Pears' from type II callus, that resulted in the development of a few plants. 
In previous reports [18-20] the induction of friable callus capable of plant regeneration of 
gladioli was described. The effect of two cytokinins, zeatin and BA, on the regeneration 
process of cell suspension derived callus is evaluated in this study, and two pathways of 
embryogenesis are described. Histological preparations provided evidence for plant 
regeneration via somatic embryogenesis. 
Materials and methods 
Plant material and culture conditions 
Cormels of Gladiolus χ grandiflorus cv. 'Peter Pears' (45.5 ± 2.3 mg) were surface 
sterilised by immersion in 80% ethanol for 1 min, then placed ¡n a 1.5% (w/v) sodium 
hypochlorite solution with 0.02 % (v/v) Tween-80 for 15 min and rinsed three times in sterile 
deionized water. The central transversal sections, 2 mm wide, were isolated and placed on 
the callusing medium, consisting of MS [21], basal salt mixture and vitamins plus 1 mg Γ1 
thiamine HCl, 5 mg Γ1 adenine sulphate, 80 mg Γ1 NaH2P04, 1 g Γ1 casein hydrolysate, 3% 
sucrose and 2 mg Γ 2,4-D. The medium, pH 5.8, was solidified by 2 g Γ1 Gelrite (Duchefa) 
and autoclaved for 20 min at 121°C, 138 kPa. The cultures were kept at 24°C in the dark. 
Calli were isolated from the expiant and transferred to fresh medium every four weeks for at 
least three subcultures. 
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Establishment of embryogénie cell suspensions 
To initiate a cell suspension, 2-3 g of friable callus were suspended in 50 ml of the 
callusing medium without Gelrite, in 250-ml Erlenmeyer flasks placed on a gyratory shaker 
at 120 rev min"1 . All cultures were kept in darkness at 24°C. During the first 2 weeks single 
cells and small groups of cells released into the medium were pipetted into another flask. 
After the cells and smaller clumps had settled (15-20 min) about 50% of the old medium was 
removed and replaced by fresh medium. The larger callus clumps left behind were 
resuspended in 50 ml of fresh medium. This process was repeated three times at 2-week 
intervals, obtaining three cell cultures from the initial one. Weekly, 10 ml of fresh medium 
was added to the cultures and once a total volume of 150 ml was reached the suspension 
was split into two 250 ml Erlenmeyer flasks. 
Two and four weeks after culture onset, the heavier vital cells were allowed to settle for 
10 min. About 70-80% of medium containing light debris and dead cells was then removed 
and an equal amount of fresh medium was added to the culture. 
Packed cell volume (PCV) and cell number were calculated as described by Hall [22]. 
Cell viability was monitored with fluorescein diacetate, (FDA) [23]. The organisation of the 
cells in culture was visualised under an UV microscope after treatment with DAPI (4,6-
diamino-2phenylindole, 1.25 mg Γ1), a DNA specific fluorochrome. 
Maintenance of the embryogénie cell suspensions 
The cell suspension was considered mature when cells doubled their volume every 2 
weeks. At this stage the single cells and smaller cell aggregates had grown into larger 
aggregates, which occasionally released single cells or small cell clumps. The suspension 
could be maintained as stable and undifferentiated by separating these clusters with a 
stainless steel sieve of 250-μηι pore size. Not removing these clusters would promote the 
process of differentiation by which the cell clusters started organising into somatic embryos. 
Regeneration 
One millilitre of fine undifferentiated cell suspension with a doubling time of 2 weeks 
was pipetted on a Whatmann filter No. 1 and placed on the solidified callusing medium. 
After 20 days the developing colonies were placed individually on regeneration medium, 
which was prepared as the callusing medium, but 2,4-D was replaced by zeatin (0, 0.25, 0.5 
or 1.0 μΜ) and BA (0, 0.25 or 0.5 μΜ), in different combinations. BA was added before 
autoclaving, whereas zeatin was filter sterilised and added to the cooling medium. Eight 
colonies, per treatment were sampled from different sites in a dish and from different petri 
dishes and transferred on the regeneration media. Regeneration experiments were repeated 
with three different cell suspensions. The dishes were kept in a growth chamber at 24°C with 
16 h under diffuse light and the calli were transferred to fresh medium every 3 weeks. 
Regenerating plantlets were transferred to culture vessels containing callusing MS medium 
without hormones for further development. Once plantlets had two leaflets and several roots, 
they were transferred to tubes with MS medium supplemented with 30 g Γ' sucrose, 10 mg Г' 
ß-[ (4-chlorophenyl)methyl]-a-(1,1-dimethylethyl)-1 H-1,2,4-triazole-1-ethanol (paclobutra-
zol, commercial product Bonzi 4%, ICI, AGRO Rotterdam, NL) [24] and solidified with 0.25 
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% Gelrite at pH 5.8. Cultures were maintained in a growth chamber at 25°C under a 16-h 
light photoperiod (ca. 3000 lux white fluorescent light), before transferring to the greenhouse. 
Light and electron microscopy 
Samples of callus clumps in the different regeneration phases were fixed in 4% 
glutaraldehyde in a 20 mM phosphate buffer with 135 mM NaCI, pH 7.2, for 2 h under 
gentle vacuum infiltration. Specimens were then dehydrated through an ethanol series of 30, 
50, 70 (overnight), 70, 90 and 100%. Subsequently the expiants were embedded in 2-
hydroxyethyl-methacrylate resin (Technovit 7100, Kulzer, Werheim, Germany) and cut into 
8 μπτι thick sections with a microtome. Each sample was stained with Periodic-acid-Schiff 
(PAS) reagent to color polysaccharides and cell walls red. An amido black stain followed, 
revealing soluble proteins and reserve proteins [25]. Samples were prepared for scanning 
electron microscopy by critical point dehydration in C02 and coated with gold/palladium in 
a sputter coater. The expiants were examined and photographed in a Jeol ISM 5200 scanning 
electron microscope at 15 kV. 
Results 
Characterisation and enrichment of embryogénie suspension cells 
The friable callus subcultured for 4 months was used to initiate the suspension cultures. In 
a 2-year period only three out of 12 cultures from different callus cultures of the same 
genotype failed to release embryogénie cells. A few days after culture onset 60-65% of the 
cells released were vital as assessed by FDA. The cell suspension was found to be 
heterogeneous with respect to cell type. Two different types of cells were observed. The first 
type (Fig. 6.1 A) consisted of large, vacuolated, elongated cells with sparse or no starch 
grains. These cells underwent either no cell division or divided only a few times and could 
not adapt to new culture conditions. This cell type represented 70-75% of the total vital cells 
present within the suspension. The second cell type consisted of small, round, isolated cells 
(40-45 mm in diameter) with dense cytoplasm, an apparent nucleus, and were rich in 
plastids with starch (Fig. 6.1 B). This embryogénie cell type has also been observed before in 
wheat [7] and barley [26]. These cells, originally few in number (about 25-30% of total cells 
present), adapted well to the new medium environment and started dividing rapidly after 5 
weeks of culture (Fig. 6.1 C). Due to their differential sedimentation ability the heavier 
embryogénie cells could be easily separated from the lighter non-embryogenic cells. This 
Figure 6 1 Induction oí cell suspensions and plant regeneration from Gladiolus 'Peter Pears' via primary 
embryogenesis (A) Loose non embryogénie, elongated cells 4 weeks after cell suspension initiation stained with 
FDA (bar = 05 mm), (B) Round embryogénie cells after 4 weeks of culture stained with FDA (bar = 0.5 mm), (C) 
Cell cluster of 12 cells with evident starch containing plastids after 8 weeks of culture (bar = 1 mm); (D) DAPI 
staining of compact (medium cell diameter 20 pm) and loose (medium diameter of cells 45 pm) aggregated cell 
clusters after 9 months of culture (bar = 40 pm), (E) SEM photo of a globular structure arising from the periphery 
of a compact cell aggregate (bar = 0 1 mm), (F) Longitudinal section through a globular structure attached to the 
callus aggregate stained with PAS and amido black (bar = 150 pm), (G) Twin-embryos attached at the root 
region (bar = 05 mm), (H) Germinating Gladiolus embryo, the emerging shoot is visible (bar = 1 mm). 
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resulted in an enriched, homogeneous, rapidly growing embryogénie suspension culture 
with a viability of 90-95% and a doubling period of 2 weeks (Fig. 6.2). Two months after 
culture onset only embryogénie cells organised in small, loose clusters of 25-50 cells could 
be found. 
Five weeks after the onset of the suspension culture the culture showed a prolonged lag 
phase and a doubling time of 14 days (Fig. 6.2). The pronounced lag phase was absent 30 
weeks after initiation of the culture. Fifty weeks after culture initiation the stationary phase 
shifted from day 12 to day 10 and the PCV started to drop. At this stage clusters of densely 
packed cells appeared in suspension (Fig. 6.1 D), initially few in number; these aggregates 
increased in number dramatically in the following subcultures. 
Plant regeneration from undifferentiated embryogénie cell suspensions 
Regeneration experiments were started three months after cell cultures were initiated 
using a fine, undifferentiated, mature, embryogénie cell suspension, consisting of a PCV 
between 18 % and 20 %. The largest clumps in culture were composed of 25-50 cells. The 
tiny individual cells and cell clusters plated on the callus medium increased their size and 
after 2 weeks the filter paper was covered with single colonies. 
On hormone-free medium and on media with zeatin or with 0.25 μΜ ΒΑ longitudinal 
structures with smooth surface and with a length less then 1 mm formed within 3-5 weeks. 
These structures were defined as embryo-like structures (ELS) and they were very similar to 
ELS obtained from microspores of tulip [27]. Initially the size of the callus rapidly increased 
200 
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Figure 6.2 Packed cell volume of the cell suspension of Gladiolus measured 5 (D), 30 
(Δ), 40 (O) and 50 (*) weeks after culture onset. 
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but once these ELS formed proliferation stopped. Plantlets germinated from these structures 
within 2 weeks, without further treatment. On media with 0.5 μΜ ΒΑ and with combinations 
of zeatin and BA, cell organisation occurred as on the other media but development stopped 
once the structures were spherical. Under the influence of light these globular structures 
showed a bipolar organisation (Fig. 6.3 A), turned green in the following 2-3 weeks, and 
occasionally produced a root emerging from the root pole. 
Table 6.1 Number of regenerated plantlets per colony. Colonies were grown 12 weeks 
on medium supplemented with the hormones below 
BA 
ΟμΜ 
0.25 μΜ 
0.5 μΜ 
Zeatin 
ΟμΜ 
0±0.2 
3±0.4 
7 ± 1.1* 
0.25 μΜ 
1 ±0.5 
7 ± 0.3* 
10 ±1.0* 
0.5 μΜ 
4 ±0.9 
8 ± 0.2* 
12 ±0.9* 
1.0 μΜ 
3 ± 0 . 3 
8 ± 0.5* 
10 ±0.9* 
Values are means with S. D. (n=3); 
* - Secondary embryogenesis observed. 
Frequently, on the surface of the globular structures, small, secondary embryos with a 
defined suspensor were formed within 10-14 days (Fig. 6.3 B, C). Histological examination 
established that these embryos (Fig. 6.3 B) arose from the external cell layers of the globular 
structure. There was no vascular connection with the callus, and often the scutellum was 
observed (Fig. 6.3 D). Dense clusters of embryos (Fig. 6.3 E, F) developed rapidly and 
showed a normal development of the coleoptile. Probably because of space limitations only 
few embryos completed development into plantlets (Fig. 6 G). The removal of the plantlets 
enabled the further development of the other embryos. All shoots isolated had a short root. 
More plantlets were harvested per colony at the higher concentrations of BA and zeatin 
(Table 6.1). Albino plantlets were observed on medium with 0.5 μΜ zeatin and 0.25 μΜ or 
0.5 μΜ BA (Fig. 6.3 H). 
Plant regeneration from differentiating embryogénie cell suspensions 
Plant regeneration was achieved via direct embryo formation from differentiating 
suspension cells. In the suspension culture the first evidence of cell organisation could be 
detected after 9 months when some cell aggregates were composed of larger loose cells 45 
μίτι in diameter and others were composed of dense aggregates of cells with a diameter of 20 
μπι (Fig. 6.1 D). The latter showed some degree of organisation; the outer layers were 
composed of cells with a dense cytoplasm while the internal cells were less dense (Fig. 6.1 
D). This process was not reversible, and in all cultures the dense aggregates grew in number. 
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When the culture medium, where these aggregates were maintained, was not refreshed, a 
number of globular embryoids arose from the periphery of the cell mass (Fig. 6.1 E). The 
histological section revealed that the globular structure was composed of highly meristematic 
cells (Fig. 6.1 F). By continuous shaking at 100 rev min'1 the clusters of cells dissociated into 
single units resembling ELS, in some cases poly-embryos were observed (Fig. 6.1 G). 
Germination occurred when the ELS were placed on solidified hormone free medium 
and allowed to dry for 15 min in the open petri dishes (Fig. 6.1 H). Dishes were than placed 
under diffused light at 25°C room temperature. When the ELS were placed directly on the 
medium about 20% germinated and most of them formed abnormal embryos defined as 
neomorphs. Germination could be increased to about 60% and the number of neomorphs 
greatly reduced when a Whatmann filter paper was placed between medium and embryos. 
Plant transfer to soil 
Regenerated plantlets were individually transferred to culture tubes containing callusing 
MS culture medium without hormones to establish a functional root system. All plantlets, 
except albinos, formed healthy rooting systems. Rooted plants were transferred to fresh 
medium supplemented with paclobutrazol to reduce stress and premature dying after 
transplanting. Plantlets grown under these conditions developed shorter and thicker leaves, 
and all formed a bulblet with few but strong contractile roots. Plants transferred to soil 
showed a 100% recovery and soon showed normal growth. Corms with a diameter of 1.5-
2.5 cm were harvested 8-10 weeks after transplanting. 
Discussion 
Gladiolus cormels, which can be considered as mature expiants, have been recognised as 
a suitable source for regenerable callus [18-20,28-29] from which plants may be regenerated 
via somatic embryogenesis. Friable callus of Gladiolus has been shown to act like type II 
callus, as described for cereals and grasses. Suspension cultures started with this type of 
callus had two types of cells in culture, embryogénie and non embryogénie cells as has been 
described for other crops [8,30]. The first type is able to adapt to the new culture conditions 
and maintains morphogenic ability, the second is hardly able to adapt and grow in shaking 
culture. We noticed that the friable callus of Gladiolus did not always release embryogénie 
cells, thus failing to grow as suspension culture. It was possible to enhance the chances of 
Figure 6.3. Secondary embryogenesis and plant regeneration from cell suspension derived callus of Gladiolus 
'Peter Pears'. (A) Globular structures showing bipolar organisation, the arrows indicate the root pole (bar = 0.2 
mm); (B) Light micrograph of an emerging embryo from the peripheric cells of the globular structure, double 
stained with Pas-amido black (bar = 20 pm); (C) Isolated somatic embryo on the surface of the globular structure 
(bar = 0.4 mm); (D) Light micrograph of a somatic embryo, the suspensor and the poorly developed scutellum is 
(arrow) evident, double stained with Pas-amido black (bar = 70 pm); (E) SEM photo of a somatic embryo in a 
cluster, the arrow shows the scutellum (bar = 1 mm); (F) Cluster of somatic embryos on the surface of a globular 
structure (bar = 0.43 mm); (G) Plantlets developed among the somatic embryos present In a cluster, not all the 
embryos are able to develop into complete plantlets (bar = 1.5 mm); (H) Occurrence of albino plantlets among 
those regenerated (bar = 1 cm). 
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long term culture by selecting and enriching for embryogénie cells. A similar technique has 
been described for red fescue cell suspensions [8], these embryogénie cells are characterised 
by the presence of small vacuoles, a rich cytoplasm and starch grains, their shape may vary 
from case to case. The presence of starch is often related to embryogénie cells and it is 
generally considered to be an indicator of development towards somatic embryos [31]. A 
reliable method of monitoring the health of the embryogénie cell culture is periodic 
measurement of PCV. The results obtained for the cell suspension of Gladiolus are 
comparable to those of Poa [12] and Zea [7], in that, the mature suspension did not have a 
distinct lag phase. 
Secondary embryogenesis has recently been reviewed by Raemakers [32]. He found that 
different hormonal treatments were effective in inducing secondary embryos and that among 
monocots the most suitable expiants were globular or fully developed embryos. In the 
present study, primary embryos could develop directly from the proliferation of single cells or 
small cell aggregates on the medium supplemented with zeatin (0-1.0 μΜ) or BA (0.25 μΜ). 
Under the combined action of zeatin and BA, isolated cells at the periphery of the globular 
embryos formed secondary embryos (Fig. 6.3 B), as was also observed in rice by Jones and 
Rost [33]. 
In the earlier report of plant regeneration from cell suspension cultures of Gladiolus [18] 
the authors did not make a clear case about the regeneration process and suggested that the 
structures observed resembled somatic embryos. In their regeneration media only auxins had 
been applied and best results were achieved on auxin-free regeneration medium. Stefaniak 
[20] recently showed histological evidence of the first steps of somatic embryo development 
in Gladiolus. Plants were regenerated from friable callus on MS medium lacking hormones. 
Our histological observation extended until the germination of the embryos. In this study, the 
number of regenerated plants per callus colony depended on the applied cytokinins. In an 
earlier work the effect of cytokinins was mentioned for regeneration from compact callus 
[19,29]. 
The time period to regenerate plantlets via secondary embryogenesis was longer than via 
direct embryogenesis. This prolonged period resulted in the generation of some albino 
plantlets, giving a partial insight about the variation that could be induced by tissue culture. 
This result was supported by Scowcroft [34] who suggested that plant uniformity in tissue 
culture is the exception more than the rule. In contrast, both Kim et al. [28] and Stefaniak 
[20] proposed that plant regeneration from callus was an efficient and reliable technique for 
clonal propagation of Gladiolus. 
The direct formation of embryos in culture is an event that needs the ordered expression 
of stimuli provided by endogenous cellular factors or applied by culture conditions. In our 
differentiating cell culture, embryos could develop presumably as the 2,4-D in the medium 
was progressively consumed. A similar technique to induce direct formation of plants from 
cell suspension of day lily is described [35]. And similarly to daylily [16] the ELS of gladiolus 
sometimes developed into neomorphs when placed directly on the medium. 
We conclude that the use of cormel derived callus was useful for inducing an 
embryogénie cell suspension capable of high rates of plants regenerated. Such embryogénie 
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cell suspensions are required for the development of an in vitro selection system and any 
other biotechnological purposes. 
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Chapter 7 
Selection of cell-lines and regeneration of plants resistant to fusaric acid 
from Gladiolus χ grandiflorus cv. 'Peter Pears' 
Summary 
Cell suspension cultures of 'Peter Pears', a cultivar of Gladiolus χ grandiflorus 
(Hort.), susceptible for the fungus Fusarium oxysporum f. sp. gladioli (Mass.), have been 
challenged with fusaric acid, one of the toxins produced by this pathogen. Selected 
cell-lines showed increased tolerance for the toxin and grew even on concentrations of 
fusaric acid up to 0.5 mM. When inoculated with a conidial suspension, the mycelial 
growth on selected cell-lines was limited compared to the control. Fusaric acid greatly 
reduced plant regeneration, and only two plants were obtained from the callus 
subcultured for a prolonged time on medium with fusaric acid, these plants have a 
significantly altered DNA content compared to the control. A reduced callus phase on 
toxin-containing medium, resulted in an improved regeneration and the DNA content of 
the regenerated plantlets was similar to the control. Some plants regenerated from these 
fusaric acid-insensitive cell-lines showed an increased tolerance to the toxin when 
cultured in vitro in presence of fusaric acid. The selected plants will be further tested for 
Fusar/um-resistance once maturity is reached. 
PC Remotti, HJM Löffler, L van Vloten-Doting. Selection of cell-lines and regeneration of plants 
resistant to fusaric acid from Gladiolus χ grandiflorus cv. 'Peter Pears'. Plant Science 
(submitted). 
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Introduction 
Corm rot, caused by Fusarium oxysporum f.sp. gladioli Mass. (Fog), is considered to 
be the most serious threat of gladiolus cultivation in most cultivation areas, reducing 
corm and flower production. Chemical control is costly and often ineffective, and in 
time may lead to the occurrence of variants of the pathogen resistance to fungicides. 
Moreover, the application of chemicals for crop protection should be reduced because 
of environmental demands. Therefore, in infected areas, growers should rely more on 
Fusarium resistant gladiolus varieties. Sources of resistance have been found in some 
Gladiolus cultivars and species [1,2], but many large-flowering cultivars are highly 
susceptible to this pathogen [3-5]. In recent years Straathof (personal communication] 
considered new sources for Fusarium resistance in gladiolus, finding among South 
African species sources for absolute resistance. In cross-breeding programs, new 
resistant cultivars can be developed using resistant cultivars or species as breeding 
material. Since, however, the Gladiolus is highly heterogeneous, resistance cannot be 
added as a single trait to existing cultivars. 
In vitro selection may represent an immediate and inexpensive way to increase the 
resistance level of highly susceptible cultivars of gladiolus. This technique may allow to 
add to economically important cultivars only one desired trait, such as Fusarium-
resistance, without changing dramatically the other desired horticultural characters, as 
shown by Evans and Sharp in their review [6]. In-vitro selection exploits spontaneously 
occurring variation, called somaclonal variation [7]. Variability may be enhanced by 
prolonged cell culture, treatment with chemicals or irradiation. Successes in the 
exploitation of somaclonal variation in disease resistance breeding has been the subject 
of extensive reviews [8-10]. A number of efficient protocols have been developed to 
select for resistance in cell culture to various pathogens by using purified toxins in 
selection experiments [11]. Prerequisite for success is the sensitivity at the cellular level 
to the toxin, reflecting the susceptibility of the intact plant to the pathogen. Fusaric acid, 
produced by many formae specialis of Fusarium oxysporum, may represent such a 
selective agent. In vitro selection, involving the use of fusaric acid, has led to toxin 
tolerant callus tissue of tomato [12,13] and barley [14]. Fusaric acid is produced in vitro 
and in vivo by F. oxysporum f. sp. gladioli (Chapter 4). Moreover, Fusar/'um-susceptible 
Gladiolus genotypes are more sensitive to fusaric acid than resistant cultivars [2]. In this 
study we report the use of fusaric acid as selecting agent in gladiolus cell culture. 
Selected cell-lines and regenerated plants have been characterised for sensitivity for to 
this toxin. 
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Materials and Methods 
Sensitivity of cell suspensions to fusaric acid 
Callus cultures were established from cormel slices from the large flowering gladioli 
cultivar 'Peter Pears', which is susceptible to Fusarium oxysporum f.sp. gladioli 
according to Remotti and Löffler [15]. The cell suspensions were initiated from friable 
callus and cultured in liquid MS basal salt mixture and vitamins [16] supplemented with 
30 μΜ adenine sulphate, 3 μΜ thiamine HCl, 580 μΜ NaH2P04, 1 g Γ' casein 
hydrolysate and 9 μΜ 2,4-D (GMS) [17] and subcultured every four weeks. The 
sensitivity of the cell suspension for fusaric acid was evaluated using six-well macro 
plates. Each well was filled with 6 ml of solidified GMS amended with 0, 0.06, 0.08, 
0.10, 0.12 or 0.14 mM fusaric acid (Sigma, Chemical Co, St. Louis, MO, USA). For 
each cell suspension and concentration three replicates were used. The fusaric acid was 
added filter sterile to the medium after cooling to about 40°C. The medium of each well 
was covered with a Whatmann filter paper no. 1 on which 0.2 ml of fine cell 
suspension, with a packed cell volume (PCV) of 15%, 20% or 25%, was plated. The 
plates were incubated in the dark at 24°C. After 15 days of culture, the area covered by 
the growing colonies was measured with an image analyser to assess growth increase 
[15]. 
Selection of cell lines for fusaric acid insensitivity 
Cell lines surviving on medium with various concentration of fusaric acid in the 
sensitivity assay were numbered and placed on GMS without toxin for further 
development. Once sufficient new callus was formed, 20 small clumps were sampled 
from the callus surface of each line and placed on GMS medium supplemented with 
0.35 mM fusaric acid. This concentration was considered to be adequate for screening 
at the callus level [2]. After three weeks of incubation in the dark at 24°C those clumps 
not bleaching and presenting evident growth were counted. One clump per cell-line, 
supposed to be genetically homogeneous, was chosen for further maintenance of the 
line. 
Characterisation of cell-lines selected for fusaric acid insensitivity 
Two callus lines out of the selected ones were chosen to investigate the increase of 
fusaric acid-tolerance consequent to the selective pressure. Control callus and the two 
callus lines were maintained on medium supplemented or not with 0.35 mM fusaric 
acid. Once sufficient new callus was formed, equal amounts of callus were taken from 
the surface of the growing clumps. Single samples, ± 5 mm in diameter, were placed in 
each well of a six-well macro plate, filled with 6 ml of GMS supplemented with 0, 0.2, 
0.3, 0.35, 0.4 or 0.5 mM fusaric acid according to [2]. The area covered by the calli 
was measured by image analysis after 15 days. Callus growth was related to the growth 
of control callus. 
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Inoculation of selected callus lines with a conidial suspension of Fog 
Inoculum was prepared as follows: an isolate of F. oxyspomm f. sp. gladioli (LBO 
Fog-15), classified as aggressive [18], was grown on Czapek Dox medium. A conidial 
suspension was obtained by collecting the conidia with sterile deionized water. The 
final concentration was adjusted to 10.000 conidia/ml. Selected cell-lines were allowed 
to grow for a few months on toxin free medium. Of each callus line, including the 
control callus, four compact clumps, with a diameter of ±20 mm, were shaped. 
Selected and non-selected callus pieces were inoculated with 0.2 ml of a conidial 
suspension, placed in the centre of the clump. The inoculated calli were incubated at 
24°C in the dark, and after 7 days mycelial growth was evaluated visually. To estimate 
objectively the extent of fungal invasion of the callus clumps the ergosterol contents of 
each callus line were measured. 
Extraction and estimation of ergosterol 
Ergosterol is known to be related to the fungal presence in infected tissue [19,20]. 
Callus clumps were frozen, lyophilised, blended in a mortar and stored at -20°C. A 
sample of 100 mg (dry weight) callus powder was saponified (30 min; 80°C) in 2.5 ml 
20% methanolic KOH (w/v). Saponified ergosterol were extracted with 1.8 ml of water 
and (3 χ 3.8 ml) hexane. The upper hexane phase was dried stepwise under a flow of 
nitrogen, and the residue was resuspended in 1 ml MeOH. The solution was analysed 
by HPLC (model 2248; Pharmacia) equipped with a CI 8 Superpac column 5μπι (4 χ 
125 mm). The mobile phase was MeOH-H20 (97:3) at a flow rate of 0.4 ml min"1. 
Ergosterol was detected at 282 nm using a UV detector (RDS; Pharmacia). As reference, 
1 mg of pure ergosterol was suspended in 1 ml of MeOH, saponified and extracted 
together with the other samples. For every callus line two samples could be analysed. 
Improved protocol for selection ofregenerable cell-lines 
A short-term selection, was developed with a reduced period of culture on fusaric 
acid containing GMS medium, in order to retain the regeneration ability of the selected 
cell- lines. Only suspension cultures that had been subcultured for at least four months 
and characterised by the presence of fine dispersed cells were used. Their PCV was 
adjusted to 10% before plating. One ml of the cell suspension culture was plated on a 
Whatmann filter-paper placed on GMS supplemented with 0.12 mM fusaric acid. The 
surviving cell colonies were transferred after 10 days to fresh GMS supplemented with 
0.4 mM fusaric acid for another two weeks. Thereafter the surviving calli were placed 
onto regeneration medium [17] supplemented with 0.5 μΜ zeatin and 0.5 μΜ n-
benzyladenine (BA). The regeneration medium was refreshed every four weeks until 
regeneration occurred. Plantlets and the callus clump from which they originated were 
transferred to hormone free medium for further shoot development. The plantlets were 
multiplied via multiple shoots on GMS medium with 0.5 μΜ ΒΑ as plant growth 
regulator. Leaf samples were collected from the regenerated plants and their DNA 
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content was measured to determine eventual alteration in their ploidy level. The 
analysis was carried out by Iribov (The Netherlands). 
Fusaric acid-sensitivity of regenerated plants 
Part of regenerated plants were transferred to a medium supplemented with 0.35 
mM fusaric acid to test the sensitivity for fusaric acid at plantlet level [2]. Per clone 3-4 
shoots were used. After two weeks the shoots were scored for and classified as: 1) 
shoots non-affected by the toxin, with newly formed shoots at their base and the 
presence of newly formed roots; 2) shoots little affected by the toxin showing small 
necrotic spots at the shoot base; or 3) shoots with either a necrotic or bleached shoot 
base. 
Results 
Effect of fusaric acid on cell suspensions 
Cell suspensions of gladiolus were sensitive to fusaric acid (Fig. 7.1). Even the lowest 
fusaric acid concentration used (0.06 mM fusaric acid) decreased cell growth 
considerably. The sensitivity of the cells for fusaric acid decreased with increasing PCV 
of the used cell suspension. Independently to the PCV a number of cell clumps formed 
on the medium with 0.10 mM and 0.12 mM fusaric acid and occasionally on the 
highest toxin concentration (Fig. 7.2 A). 
Fusaric acid [mM] 
Figure 7.1 Dependence of cell growth inhibition, to the fusaric acid concentration of 
cell suspension with different PCV (D - 25%, Δ - 20%, О - 15%). 
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Characterisation of the selected cell-lines 
In total 12 colonies developed on medium with either 0.10, 0.12 or 0.14 mM fusaric 
acid. All clumps grew on fusaric acid free medium. Each clump was divided in 20 
small, homogeneous clumps, which were placed for two weeks on a medium 
supplemented with 0.35 mM fusaric acid. The control callus did not develop and died, 
100 % growth and survival was observed only for two cell-lines while the survival of 
the other selected cell-lines varied from 0 % to 85 % (Table 7.1, Fig. 7.2 C). 
Table 7.1 Characterisation of 12 cell-lines selected 
Cell line Percent survival mg ergosterol/ Percentage of 
rate of the 20 g callus dry weight infection reduction 
S 0-1 (control) 
S 0-2 
S 0-4 
S 1-5 
S 1-6 
S 3-2 
S 3-3 
S 3-4 
S 3-6 
S 4-4 
S 5-5 
S 8-4 
S 8-5 
clumps 
0 
35 
25 
15 
25 
70 
85 
0 
75 
100 
100 
65 
0 
0.340 
0.112 
n.d. 
0.037 
0.097 
0.085 
0.057 
0.170 
n.d. 
0.052 
0.056 
n.d. 
n.d. 
0 
67 
-
89 
72 
75 
83 
50 
-
85 
84 
-
. 
n.d. - not determined 
Two cell-lines (S 4-4 and S 5-5) were characterised further (Fig. 7.2 B). Lines S 4-4 and 
S 5-5 were maintained on toxin free medium. Part of line S 4-4 was also subcultured on 
medium supplemented with 0.35 mM fusaric acid. Callus clumps of these three lines 
and of the control callus were grown for 9 months on GMS with various fusaric acid 
concentrations. The size increase of each clump was measured with an image analyser. 
Cell line S 5-5 was less inhibited by the toxin than line S 4-4, but both lines were 
significantly different from the control callus (Fig. 7.3). Cell-line S 4-4, split into two 
parts and subcultured on fusaric acid-containing or non fusaric acid-containing 
medium, showed the same response regaidless of the medium on which it was 
subcultured. 
86 
Figure 7.2 Response of cells and callus challenged with fusaric acid during the selection 
phases. (A) Decrease of cell suspension derived callus in dependence to the PCV (the 
upper plate 15%, the lower plate 25%) and the fusaric acid concentration (1 ; 0 mM, 2; 
0.06 mM, 3; 0.08 mM, 4; 0.10 mM, 5; 0.12 mM, 6; 0.14 mM) in the medium. (B) Cell-
line S 5-5 and control callus (below) placed on medium supplemented with increasing 
concentrations of fusaric acid (1; 0 mM, 2; 0.2 mM, 3; 0.3 mM, 4; 0.35 mM, 5; 0.4 
mM, 6; 0.5 mM). (C) Response of some cell-lines (S 4-4, S 3-6, S 1-6 and control) with 
different degrees of reaction on medium with 0.35 mM fusaric acid. 
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Figure 7.3 Dependence of cell-lines S 4-4 and S 5-5 grown and control callus on 
medium supplemented with different fusaric acid concentrations, cell-line S 4-4* was 
maintained on medium without the toxin. 
Figure 7.4 Control callus (S 0-1) and cell-line S 4-4, 7 days after inoculation with a 
condial suspension of Fog-15. 
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Eight cell-lines were inoculated with a conidial suspension of Fog-15, after 7 days, 
they were overgrown by the mycelium to a various extent, but always less than the 
control callus (Fig. 7.4). A more precise evaluation of the colonisation by the fungus 
was done by the ergosterol determination (Table 7.1). The selected cell-lines showed a 
reduced mycelial growth from 50 to 89 % compared to the control (100%). From the 
callus clumps of line S 4-4, three independent shoots were regenerated after six months 
of culture on regeneration medium. None of these plants responded well to micropro-
pagation, and showed slow growth, evident malformations strongly reduced vigour (Fig. 
7.5 A). Two of these régénérants developed further into growing plantlets and rooted. 
The DNA content of the nuclei of the two plantlets (3.17 pg and 3.16 pg) showed 
significant differences from that of the control plants (2.61 pg). 
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Figure 7.5 Plantlets regenerated from selected cell-lines. (A) Two régénérants of S 4-4, 
showing evident malformations and reduced vigour; (B) well developed régénérants 
from the improved selection protocol. 
Improved selection system for fusaric acid resistant cell-lines in vitro 
Three young cell suspension composed of fine well dispersed cells were plated on 
fusaric acid-medium. After 10 days on medium supplemented with 0.12 mM, 395 
single, growing colonies had developed in total. Al l were individually transferred to 
fresh medium supplemented with 0.40 mM fusaric acid, and placed in the dark for two 
weeks. About 50 % of the calli developed further (Table 7.2). These cell-lines (now 
twice selected) grew into colonies with a diameter of 3-4 mm. A total of 195 calli were 
transferred to regeneration medium. Part of the calli proliferated regenerating 
occasionally roots but no shoots, about 45 % of them regenerated one or more plants. 
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Plantlets emerging from different sectors were considered as different numbers. From 
the calli 194 plants were regenerated. Plant regeneration was retarded significantly in 
respect to non-selected callus. Control callus regenerated after three subcultures, while 
selected callus started regeneration only after five subcultures and went on for two 
months. In general, all plants developed well in culture, rooted easily and presented 
vigorous growth after rooting (Fig. 7.5 B). From the flow-cytometric analysis of these 
régénérants, the DNA of the régénérants appeared in the same range of the control 
plants. 
Table 7.2 General results from the short-selection cycle 
Cell suspension A-2 B-2 A-3 Total 
Cell-lines developing on 0.12 mM FA [#l 
Calli surviving on 0.4 mM FA and 
placed on regeneration medium [#] 
Regenerated plants clones [#] 
Clones heavily affected by FA [#] 
Clones slightly affected by FA [#] 
Clones not affected by FA [#] 
89 49 257 395 
63 
29 
9 
6 
3 
6 
130 
35 
22 
17 
88 
32 
13 
6 
2 
197 
191 
57 
34 
22 
FA-fusaric acid 
Fusaric acid-sensitivity of regenerated plants 
Regenerated plants were propagated in vitro to obtain clones for further 
characterisation. As a result of vitrification, malformations or contamination 38 numbers 
were lost. Not all the regenerated plantlets reacted similarly on the shoot multiplication 
medium. From the remaining 156 plantlets only 115 formed a sufficient number of 
shoots and could be tested for fusaric acid-sensitivity on medium with 0.35 mM fusaric 
acid. All control shoots (75 in total) showed signs of necrosis of bleached shoot basis 
after 15 days. Of the regenerated plants 57 (50%) scored similarly to the control, 34 
(30%) showed only few symptoms and 22 (20%) were not affected at all by the toxin 
(Table 7.2). A few plants form the last category, even rooted and formed new shoots. 
The other remaining plantlets were transferred to fresh medium for further root 
development, and prepared for greenhouse acclimatisation. The two plantlets regener-
ated from the cell-line S 4-4, were similarly tested and resulted to be only slightly 
affected by the toxin or not at all. 
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Discussion 
The results reported show that it is possible to select cell-lines for decreased 
sensitivity to fusaric acid and that this trait is also expressed by part of the plantlets 
regenerated from the selected callus. Similar successful selections using fusaric acid to 
select resistant material have been reported [13,14]; in other reports the use of culture 
filtrates was proven to be effective [21-23]. Nevertheless, the use of a purified toxin 
represents a more appropriate selective agent since culture filtrates are known to 
contain a variable number of phytotoxic compounds. The presence and the 
concentration of these metabolites produced by the pathogens depends mainly on the 
culture condition and on the pathogenicity of the isolates used [24]. Toyoda ef al. 
[12,25] showed that plants selected with culture filtrate may well be resistant to other 
factors than to the main pathogenic one. In their review, Wenzel and Foroughi-Wehr 
[7] arose reasonable doubts about the stability of disease resistant plants derived from in 
vitro selection using culture filtrate. 
The growth of cell suspension on toxic medium was proportional to the PCV and 
inversely proportional to the fusaric acid concentration in the medium. However, a 
prolonged exposure to the toxin and an extended callus phase reduced almost 
completely the regeneration ability of the selected cell-lines, resulting in gross DNA 
alterations. This might be related to cytogenetic alterations of regenerated plants known 
to occur during extended tissue culture period combined with in vitro selection [26]. To 
avoid weak growing plants, or unwanted mutation, the period of culture on toxic 
medium should not be too extended. In agreement with this, the shorter selection cycle 
yielded more régénérants and healthier plants. This was also found with cell cultures of 
alfalfa [22]. 
The 12 cell lines, once grown into larger callus clumps and then split into 20 units 
displayed different levels of fusaric acid-sensitivity. This heterogeneity may be due to 
cells escaping selection (chimerism), independently occurring mutations or possibly 
different levels of gene amplification. Chimerism in selected callus of peach has been 
observed by Hammerschlag [23]. Susceptible cells may survive selective pressure by 
escaping full exposure to the selective agent or by proximal protection of resistant cell-
lines. Indeed, we found that chimerism represent a problem in our selection protocol. 
Therefore, as concluded by Hartmann ef a/. [22], after the first selection step the 
selected cell-lines are either homogenic or chimeric. As a consequence a second 
selection step was added directly after the first. In our case 50 % of the cell-lines did 
not pass the second selection step at 0.4 mM fusaric acid. This discharged cell-lines 
could also have possessed an insufficient level of tolerance to fusaric acid. The chimeric 
calli could have survived exposure to fusaric acid either by proximity to resistant cells 
or being full escapes. 
In our study about 50% of the plantlets regenerated from selected cell-lines, 
demonstrated an increased level of fusaric acid-insensitivity when tested at the shoot 
level. The fact that a number was still affected by the toxin can be explained by an 
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incomplete resistance or by epigenetic or habituation factors. This problem underlined 
also by Hammerschlag [23] underlines the importance of similar tests, which should be 
applied before the plant material undergoes final field testing for disease resistance 
saving thus greenhouse space and labour. A definite evaluation of the altered expression 
of the regenerated material will be done once the regenerated plantlets which are 
transferred to greenhouse, will be cloned and tested at maturity. However, the ability of 
fusaric acid tolerant callus to retard mycelial growth can be regarded as a first 
indication for increased Fusar/um-resistance. The callus inoculation test was similarly 
used by Kroon et al. [27] to distinguish between resistant and susceptible isogenic lines 
of tomatoes. A second indication comes from a previous research of Remotti and Loffler 
[2], were the resistance to Fusarium-rot of different gladioli genotypes is strongly 
correlated with the in vitro response to fusaric acid of in vitro grown shoots. 
This report represent the first attempt to improve a bulbous crop though in vitro 
selection and it offers promising opportunities for other bulbous crop species. Such 
technique could represent a dramatic impact for the improvement of highly valuable, 
susceptible cultivars. This or similar approaches may be generalised for other species, as 
lily, once efficient methods for the culture of cell suspension of any genotype can be 
applied. 
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Summary 
Plant pathologists for decades have studied the possible role of Phytotoxins in 
disease development. Some toxins have been recognised as determinants for 
pathogenicity, since they are required for the disease to occur. Previously it was pro-
posed to use toxins, that play a role in disease development, as markers to screen 
resistant genotypes or as selective agents for in vitro selection experiments. In some 
plant-pathogen combinations disease resistant plants are also toxin tolerant. The 
identification of toxin-tolerant variants from a toxin-sensitive genotype, through in vitro 
selection, represents a dramatic breakthrough in plant resistance breeding. Somaclonal 
variants, selected in vitro, would be disease resistant if the chosen agent for selection 
plays an essential role in the disease development. The aim of this investigation was to 
determine the role of fusaric acid in the interaction between Fusarium oxysporum f. sp. 
gladioli and it's host plant Gladiolus. 
Two strategies of research were followed. The first strategy was concerned with the 
search for evidence for the involvement of fusaric acid in the corm-rot of gladiolus. 
Three criteria as suggested by Drysdale were used for guidelines: 
- production of typical disease symptoms when applied to healthy plants; 
- isolation and identification of the toxin from diseased plants; 
- correlation of the aggressiveness of isolates to their ability to produce the 
toxin in vitro, or more desirably, in vivo. 
The second strategy is based upon fusaric acid tolerant variants selected in vitro that can 
be tested for Fusar/um-resistance. 
A reproducible system for callus induction and regeneration had to be developed, 
since callus tissue was needed for most of the experiments. The influence of 
supplements to the basic MS medium was assessed. Added nutrients such as NaH2PO<, 
adenine, casein and thiamine increased the percentage of embryogénie callus and had 
a beneficial influence on the formation of friable callus. The developed protocol was 
found to be effective for a number of cultivars and species of Gladiolus. Besides the 
nutrients, the effect of some artificial auxins on callus induction and the effect of 
expiant origin was investigated. We concluded that central slices of cormels were 
suitable for callus induction when placed on medium supplemented with 2,4-D and 
casein (Chapter 2). 
A primary disease determinant will distinguish resistant from susceptible cultivars. 
Hence the effect of fusaric acid was tested on tissues of Fusar/um-resistant and 
susceptible Gladiolus genotypes (Chapter 3). When different genotypes shoots were 
cultured in the presence of the toxin, cultivars with high levels of resistance to 
Fusarium rot survived. Susceptible genotypes showed extended rotting and necrosis, 
and their shoots rapidly died as indicated by the basal browning and wilting. 
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Furthermore, cormels of susceptible varieties lost electrolytes when immersed in a 
fusaric acid solution, while cormels from resistant varieties had a decreased response. 
Conflicting results were obtained from measurements of callus ability to grow on toxic 
medium о the ion release of callus clumps in presence of fusaric acid. The correlation 
between the tested resistance and the bio-assay response was negatively influenced. 
The resistance mechanism of a genotype may be based on a hypersensitive reaction 
upon fugai penetration, thereby resistant genotypes tissues react as susceptible when 
challenged with a toxin. Second, tissues in the bio-assay may react as resistant, while 
the genotype is actually susceptible. This effect was only observed with callus tissue 
but not when differentiated tissues were used. 
Quantitative determination of toxin presence in the plant tissue was possible 
through calculations based on various standard additions (Chapter 4). A concentration 
of 2.5-3 μπιοΙ FA g"1 (dry weight) was able to inhibit the uptake of 0 2 in infected tissue, 
indicating a reduction of cell respiration. Comparison of the amount of toxin present in 
the outer part of the corm to that detected in the central part of the corm showed that 
fusaric acid concentration was greatest in the inner parts of the corm, which appeared 
to slightly infected. Since the direction of the infection is inward, it is possible that the 
excreted fusaric acid by the pathogen weakens the tissue before colonisation, while in 
the infected tissue the toxin is progressively broken down. 
Further indications on the possible role of fusaric acid in corm-rot of gladiolus were 
studied from the toxin production in vitro by a number of isolates that differed in 
aggressiveness towards gladiolus (Chapter 5). Aggressiveness of an isolate was 
measured by determining its effect on the growth reduction of gladiolus plants, in soil 
artificially infected with that isolate. Isolates pathogenic to lily, flax and some of the 
lower aggressive gladiolus isolates were unable to infect gladiolus corms in a 
greenhouse test. Similar results were observed when corms were artificially inoculated 
in vitro. In liquid culture, all isolates were able to produce fusaric acid, but the amount 
produced depended on the medium used. There was no correlation between the 
aggressiveness of an isolate and its ability to produce fusaric acid in vitro. 
Drysdale suggested that the aggressiveness of an isolate preferably should be related 
with the toxin recovered in planta. Fusaric acid could not be detected in slightly 
infected corms. The amount of recovered toxin from heavily infected corms had to be 
related to the amount of fungus. Since ergosterol is a steroid typically present in the 
fungal membranes, its presence is indicative for the fungus. A negative correlation was 
observed between the corrected amount of fusaric acid and the aggressiveness of the 
isolate. Drysdale's hypothesis is valid only if the toxin is stable. Since it seems that 
fusaric acid is degraded during the rotting process, the negative correlation does not 
exclude its role in the infection process. 
The second strategy applied was to obtain Fusarv'u/n-resistant mutants of a Fusarium-
susceptible cultivar. This was done by growing a cell suspension in the presence of 
increasing amounts of fusaric acid. The medium developed for callus induction proved 
to be suitable for maintaining an embryogénie, regenerable cell suspension of 'Peter 
Pears', over a prolonged period. The combination of BA and zeatin, in equal 
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proportions (0.5 μΜ), in the regeneration medium appeared to maximise the number of 
regenerated plantlets; thereby favouring the phenomenon of secondary embryogenesis 
(Chapter 6). Among the regenerated plantlets an albino and a variegated plant were 
observed, indicating the presence of variation induced during the culture. 
The previously performed experiments led to in vitro selection of fusaric acid 
insensitive gladiolus plants (Chapter 7). Twelve cell-lines were selected, that survived a 
first treatment with fusaric acid, since they grew on medium supplemented with a 
lethal concentration of the toxin. The most promising cell-lines were subcultured on 
non-toxic medium and then inoculated with conidia of an aggressive isolate of 
Fusarium oxysporum f. sp. gladioli. The most fusaric acid tolerant lines inhibited 
mycelial growth significantly. Further characterisation of these cell-lines high-lighted 
individual differences in the maximal tolerated fusaric acid concentration. The 
presence of fusaric acid in the medium considerably reduced the regeneration potential 
of the callus. Plantlets, with reduced vigour, were regenerated via secondary 
embryogenesis after an extended period on the regeneration medium. Using a modified 
protocol, 191 plants were regenerated, and 113 were evaluated for sensitivity to fusaric 
acid using the assay developed for in vitro cultured shoots. A total of 57 had decreased 
sensitivity and the rest were similar or more sensitive than the control. A final proof of 
Fusar/um-resistance is possible testing the regenerats, at a mature plant, in a controlled 
greenhouse experiment. Since gladiolus are bulbous plants, the cultivation until 
maturity will take a few years. 
In conclusion, the following results were obtained: 
- Fusaric acid added to the culture medium induced browning of the cormlets base 
and killed of in vitro plantlets (Chapter 3 and 7). Typical rotting symptoms were not 
observed. 
- Fusar/um-resistant and Fusar/um-susceptible varieties were distinguished by their 
tolerance to fusaric acid (Chapter 3). 
- Fusaric acid was isolated from diseased corm-tissue in toxic concentrations (Chapter 
4). 
- The concentration of fusaric acid in corms was higher in the slightly infested centre 
than in the heavily infested peel. This suggests a dynamic process of production and 
degradation of fusaric acid. (Chapter 4). 
- No correlation between aggressiveness of isolates and fusaric acid production in 
vitro was observed. Furthermore there is no correlation between the aggressiveness 
and the amount of fusaric acid per unit of fungus in planta. (Chapter 5). 
- Fusarium oxysporum f. sp. gladioli did not grow on selected fusaric acid tolerant 
callus lines, while the control callus was readily overgrown by the fungus (Chapter 
7). 
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It can be concluded, due to the provided evidence, that fusaric acid plays an important 
role in the rotting process of Gladiolus corms. 
Samenvatting 
Gedurende enkele tientallen jaren hebben fytopathologen de mogelijke rol van 
toxinen in ziekteontwikkeling bij planten bestudeerd. Toxinen die een rol spelen in het 
ziekteontwikkelingsproces kunnen mogelijk worden gebruikt als markers voor screening 
van resistente genotypen of als selectieve agens voor in vitro selectie experimenten. In 
sommige plant-pathogeen combinaties zijn ziekteresistente planten inderdaad eveneens 
ongevoelig voor toxinen. Het onderscheiden van toxine-ongevoelige varianten van 
toxine-gevoelige genotypen op celniveau een grote doorbraak betekenen in de 
ontwikkeling van resistente planten. Regeneranten van toxine-ongevoelige cellen, 
zullen ook ziekteresistent zijn als het agens die voor de selectie is gekozen een 
essentiële rol speelt in de ontwikkeling van de ziekte. Het voornaamste doel van het 
hier beschreven onderzoek is om na te gaan wat de rol is van fuzaarzuur in de 
interactie tussen Fusarium oxysporum f.sp. gladioli en zijn gastheer de gladiool. 
Om het beoogde doel te bereiken zijn er twee verschillende strategieën gevolgd. In 
de eerste plaats werden de criteria van Drysale gevolgd om te bewijzen dat fuzaarzuur 
betrokken is bij knolrot van gladiolen. Deze criteria zijn: 
- het ontstaan van typische symptomen van de ziekte wanneer toxine wordt 
toegediend aan gezonde planten; 
- isolatie en identificatie van het toxine in geïnfecteerd weefsel, 
- de aanwezigheid van een correlatie tussen de mate van agressiviteit van 
verschillende schimmel ¡solaten en hun vermogen om het toxine in vitro, of 
nog beter, in vivo te produceren. 
In de tweede plaats fuzaarzuur tolerante cellen in vitro geselecteerd om te worden 
getest op Fusarium resistentie. 
Omdat voor de meeste experimenten callusweefsel nodig is, werd een systeem 
ontwikkeld om callus te induceren en te regenereren. De invloed van enkele 
toegevoegde stoffen aan het basis MS medium werd onderzocht. Toegevoegde 
nutriënten zoals caseïne gaven een verhoogd percentage embryonale callus en bleken 
een positieve invloed op de vorming van los callus te hebben. Het ontwikkelde protocol 
bleek toepasbaar voor een groot aantal cultivars en species van de gladiool. Behalve 
van de nutriënten werd ook de invloed van synthetische auxinen op de callusinductie 
onderzocht, waarbij tevens werd gekeken naar het effect van de herkomst van het 
explantaat. Gevonden word dat stukjes uit het centrale deel van de kralen voor 
callusinductie bruikbaar zijn als ze worden geplaatst op een medium met daaraan 
toegevoegd 2,4-D en caseïne (Hoofdstuk 2). 
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Een primaire determinant zal resistente en vatbare cultivare van elkaar kunnen 
onderscheiden. Daarom is het effect van fuzaarzuur getest op weefsels van Fusarium 
resistente en vatbare genotypen van gladiool (Hoofdstuk 3). Bij het kweken van 
scheuten van verschillende genotypen in aanwezigheid van het toxine, overleefden de 
cultivars met een hoge resistentie voor Fusarium de knol rot, terwijl bij de gevoelige 
cultivars veel rotting en necrose voorkwam en de scheuten snel afstierven, wat te zien is 
aan het bruin worden van de knolranden en het verwelken van de bladeren. Tevens was 
te zien dat bij knollen van de gevoelige soorten verlies van elektrolyten optrad bij 
onderdompeling in een fuzaarzuuroplossing, terwijl knollen van resistente soorten hier 
minder op reageerden. Tegenstrijdige resultaten werden verkregen bij het meten van het 
vermogen van callus om op een toxisch medium te groeien of bij de meting van 
elektrolytenlek vanuit klompjes callus in aanwezigheid van fuzaarzuur. De relatie 
tussen de Fusar/um-resistentie en de respons in de biotoetsen kan negatief beïnvloed 
worden door twee soorten onnauwkeurigheden. In de eerste plaats zou het 
resistentiemechanisme van een genotype gebaseerd kunnen zijn op een hypersensitieve 
reactie. Daardoor zal weefsel van resistente genotypen net zo reageren als dat van 
vatbare genotypen bij blootstelling aan een toxine, zoals bij enkele geteste genotypen 
werd waargenomen. Ten tweede kan weefsel resistent reageren in de biotoetsen, terwijl 
de plant vatbaar is. Ook dit werd in een enkelgeval waargenomen als het callus weefsel 
werd gebruikt, maar niet bij gedifferentieerde weefsels. 
Kwantitatieve waarneming van de in de plant aanwezige toxine was mogelijk door 
zorgvuldige berekeningen die werden gebaseerd op verscheidene standaardaddities van 
fuzaarzuur (Hoofdstuk 4). Geïnfecteerd weefsel bevatte 2,5-3 μπιοΙ FA g*1 (droog 
gewicht). Bij deze concentraties was het toxine in staat de opname van zuurstof in een 
biotoetsen te beletten, wat tot uiting kwam in een afname van de cel-respiratie. 
Vergelijking van de hoeveelheid toxine die aanwezig is in de buitenrand van de knol en 
de hoeveelheid in het meer centrale deel laat zien dat, tegen de verwachting in, de 
grootste hoeveelheid fuzaarzuur werd waargenomen in de minder aangetaste kern van 
de knol. Doordat de infectie naar binnen toe plaatsvindt, is het mogelijk dat het door 
het pathogeen uitgescheiden fuzaarzuur het weefsel verzwakt waardoor kolonisatie 
mogelijk is, terwijl in het aangetaste weefsel het toxine voortdurend wordt afgebroken. 
Meer aanwijzingen voor de mogelijke rol van fuzaarzuur op knolrot bij gladiolen 
werden verkregen door meting van de toxine produktie in vitro van een aantal isolaten 
die verschilden in mate van agressiviteit ten opzichte van gladiolen (Hoofdstuk 5). De 
mate van agressiviteit van een isolaat werd gemeten door waarnemingen aan het effect 
op de groeiremming van gladioolplanten die werden geplant in grond die was 
geïnfecteerd met het isolaat. In een kasproef werd aangetoond dat isolaten die 
pathogeen zijn voor lelies of vlas en enkele minder agressieve gladioolisolaten niet in 
staat bleken de gladioolknollen aan te tasten. Vergelijkbare resultaten werden verkregen 
bij laboratoriumexperimenten, waarbij knollen in vitro met het isolaat werden 
geïnoculeerd. In een vloeibare cultuur waren alle isolaten in staat om fuzaarzuur aan te 
maken, maar de produktie hing hierbij af van het gebruikte medium. Er werd geen 
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verband gevonden tussen de mate van agressiviteit van een isolaat en het produktie 
vermogen van fuzaarzuur in vitro. 
Drysdale stelde voor om de mate van agressiviteit van een isolaat bij voorkeur te re-
lateren aan de teruggevonden hoeveelheid toxine in planta. Niet of nauwelijks geïnfec-
teerde knollen bevatten echter geen aantoonbare hoeveelheid fuzaarzuur. De 
hoeveelheid toxine die werd teruggevonden in ernstig geïnfecteerde knollen zou in 
relatie kunnen worden gebracht met de hoeveelheid schimmel. Het typische stereoid 
ergosterol, dat voorkomt in de schimmel membranen, is een goede indicator om de 
aanwezigheid van het schimmel aan te tonen. Er is geen positieve correlatie gevonden 
tussen de gecorrigeerde hoeveelheid fuzaarzuur en de mate van agressiviteit van het 
isolaat. Drysdale's hypothese is echter alleen dan geldig als het gaat om een stabiel 
toxine. Vanwege de mogelijke afbraak van fuzaarzuur tijdens het rottingsproces, is een 
mogelijke rol van het zuur tijdens het infectieproces niet uitgesloten. 
Om Fusar/um-resistente mutanten te krijgen vanuit een Fusar/um-gevoelige cultivar, 
werd een celsuspensie uitgeplaat op een toenemende concentratie fuzaarzuur. 
Daarvoor moest een protocol voor het regenereren van de celsuspensie worden 
ontwikkeld. Het medium wat ontwikkeld werd voor de callus inductie bleek ook 
geschikt voor het in stand houden van een embryonale, regenereerbare cel suspensie 
van 'Peter Pears' gedurende langere tijd. Met de combinatie van een gelijke 
hoeveelheid (0,5 M) BA en zeatine in het regeneratiemedium werd een maximaal 
aantal plantjes verkregen, wat nog versterkt werd door het secundaire embryogenèses 
fenomeen (Hoofdstuk 6). Tussen de geregenereerde plantjes kwam ook een albino en 
een bonte plant voor, waarmee de aanwezigheid van variatie tijdens het opkweken 
werd aangetoond. 
Alle kennis die tot nu toe werd verworven werd gebruikt voor de in vitro selectie van 
fuzaarzuur resistente gladiolenplanten (Hoofdstuk 7). Uit de cellijnen die de eerste 
selectie overleefden werden twaalf lijnen geselecteerd die in staat bleken om te groeien 
op een medium waaraan een letale dosis fuzaarzuur werd toegevoegd. De meest 
veelbelovende lijnen werden overgezet op een subculture gezet met een niet toxisch 
medium en daarna geïnoculeerd met conidia van een agressief isolaat van Fusarium 
oxysporum van f.sp. gladioli. De groei van de schimmel bleek aanzienlijk geremd te 
zijn op de minst vatbare callus lijnen. Door een verdere karakterisering van deze 
cellijnen komen individuele verschillen aan het licht voor wat betreft de maximaal 
aanvaardbare fuzaarzuur concentratie. Door de aanwezigheid van fuzaarzuur in het 
medium verminderde het regeneratievermogen callus aanzienlijk. Een paar minder 
vitale plantjes regenereerden via secundair embryogenesis na langere tijd op het 
regeneratiemedium. Met een gemodificeerd protocol werden 191 geregenereerde 
planten opgekweekt, waarvan 113 gevoelig bleken voor fuzaarzuur volgens een toets 
welke ontwikkeld werd voor in vitro gekweekte scheuten. 57 van hen waren minder 
gevoelig en de rest van de plantjes reageerden vergelijkbaar of zelfs gevoeliger op het 
toxine dan de controle groep. Een definitieve vaststelling van de Fusarium resistentie is 
alleen wanneer de volgroeide geregenereerde planten worden getest in een 
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gecontroleerd kasexperiment. Omdat gladiolen bolgewassen, zijn kost echter het een 
paar jaar voordat de planten volwassen zijn. 
Samenvattend werden de volgende resultaten verkregen: 
- Fuzaarzuur wat toegevoegd is aan het medium veroorzaakt verbruining aan de 
onderkant van de knollen en is dodelijk voor in vitro plantjes (Hoofdstuk 3 en 7). 
- Typische symptomen voor het rottingsproces werden niet waargenomen. Fusarium 
resistente en Fusarium vatbare genotypen kunnen worden onderscheiden door de 
mate van gevoeligheid voor fuzaarzuur (Hoofdstuk 3). 
- Uit aangetast knol weefsel werd fuzaarzuur in toxische concentraties geïsoleerd 
(Hoofdstuk 4). 
- De fuzaarzuurconcentratie was hoger in het weinig aangetaste middelste gedeelte 
van de knollen dan in de sterker aangetaste buitenkant, wat wijst op een dynamisch 
proces van produktie en afbraak van fuzaarzuur (Hoofdstuk 4). 
- Er bestaat geen correlatie tussen de mate van agressiviteit van ¡solaten en de 
produktie van fuzaarzuur in vitro. Vervolgens is er geen verband gevonden tussen 
de mate van agressiviteit en de hoeveelheid fuzaarzuur per schimmel eenheid in 
planta (Hoofdstuk 5). 
- Fusarium oxysporum f.sp. gladioli groeide niet op geselecteerde fuzaarzuur 
ongevoelige calluslijnen, terwijl het controle callus snel werd overwoekerd door de 
schimmel (Hoofdstuk 7). 
Concluderend kan worden gesteld dat het verantwoord is om aan te nemen dat het 
toxine fuzaarzuur een belangrijke rol speelt in het rottingsproces van de knollen van 
gladiool. 
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